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Abstract
The Langtang Valley -located in Nepal- is part of the monsoon dominated region in the central
Himalayas, and it is characterized by extreme orography and a high presence of glaciered areas.
Nevertheless, this work focuses on the upper part of the Langtang River Basin, with outlet below
the village of Kyanjing. Although the region has been object of several studies, little is known
about the snowline behavior within the valley and the factors influencing it.
This study proposes a new approach to extract the snowline data from remote sensed Landsat
TM, ETM+ scenes, taking advantage of the high spatial resolution Landsat products o↵er. A
point-scale description the snowline and its characteristics -altitude, slope, aspect, etc.- is obtained
and analyzed. Two di↵erent spatial analysis of the snowline dynamics are carried out, each one
preceded by a selection of scenes based on specific image-quality criteria. First, a monthly average
analysis looks at typical and consistent annual snowline dynamics; and second, the topic of inter-
seasonal variability of the snowline is addressed in greater detail. Both studies are statistically
based, aiming to provide consistent and robust results.
Results of this work show that climate -and specially precipitation- plays a great e↵ect in the
snowline altitude (SLA) characteristics and dynamics. Behavioral di↵erences of SLA for di↵erent
periods of the year are clearly observable, confirming thus the existence of four di↵erentiated
climatic seasons in the region. During winter and monsoon seasons precipitation events are stronger
and more frequent, having a greater and dominating e↵ect in the SLA. Only during pre-monsoon
and post-monsoon seasons, which are drier and more stable, the e↵ect of aspect in the SLA is
clearly observed, with systematic SLA di↵erences between di↵erently orientated slopes. Inter-
annual consistency of SLA dynamics is also shown in the results. Besides, the dominating e↵ect of
precipitation in the SLA makes the latter a potentially precise indicator of the precipitation events,
their frequency and magnitude. And last but not least, the upper Langtang Valley is shown to
have not only temporal but also spatial variability of the SLA. Observed latitudinal and altitudinal
SLA gradients are attributed to precipitation gradients within the catchment.
Finally, Landsat TM and ETM+ products are proved to be a powerful instrument to study
the snowline dynamics, either by analyzing the extracted data in statistically based studies, or by
combining Landsat products with other sources of data.
ii

Resum
La Vall de Langtang (Nepal) forma part de la regio´ central de l’Hima`laia dominada pel monso´,
i es caracteritza per la seva orografia extrema i l’alta prese`ncia de glaceres. No obstant aixo`, aquest
treball es centra en l’estudi de la part alta de la vall del riu Langtang, amb desembocadura a la
vila de Kyanjing. Tot i que la regio´ ha estat objecte de diferents estudis, el comportament de la
l´ınia de neu en la vall, aix´ı com els factors que la influencien, so´n questions poc estudiades i que
encara no han estat resoltes.
Aquest estudi proposa una nova manera d’extreure la l´ınia de neu a partir d’imatges de telede-
teccio´ Landsat TM i ETM+, aprofitant la seva alta resolucio´ espacial. Les caracter´ıstiques de
la l´ınia de neu -altitud, pendent, orientacio´, etc.- so´n obtingudes i analitzades a escala puntual,
mitjanant dues ana`lisis precedides, cadascuna, per una seleccio´ d’escenes segons diferents criteris
de qualitat d’imatge. En primer lloc, una ana`lisi de mitjana mensual estudia les dina`miques anuals
de la l´ınia de neu que tenen consiste`ncia interanual. En la segona ana`lisi, es desgrana la variabil-
itat interestacional de la l´ınia de neu en detall. Tots dos estudis tenen una base estad´ıstica, amb
l’objectiu d’obtenir resultats consistents i robustos.
Els resultats d’aquest treball mostren que el clima -especialment la precipitacio´- te´ un gran
efecte en la l´ınia de neu, les seves caracter´ıstiques i dina`miques. L’existe`ncia de quatre estacions
clima`tiques es confirma a partir de les difere`ncies observades durant diversos per´ıodes de l’any en la
l´ınia de neu. Durant les estacions d’hivern i monso´, els esdeveniments de precipitacio´ so´n me´s forts
i freqents i tenen, per tant, un efecte dominant sobre la l´ınia de neu. e´s nome´s durant les estacions
del pre-monso´ i post-monso´ -me´s seques i estables climatolo`gicament- que l’efecte de l’orientacio´ de
les pendents en la l´ınia de neu e´s clarament visible, amb difere`ncies sistema`tiques entre diferents
orientacions. L’alta consiste`ncia interanual de les dina`miques estacionals que segueix l´ınia de neu
e´s tambe´ visible en els resultats. A me´s, l’efecte dominant de la precipitacio´ en la l´ınia de neu
fa d’aquesta u´ltima un indicador potencial molt prec´ıs dels esdeveniments de precipitacio´, la seva
freque`ncia i magnitud. Per acabar, la variabilitat de la l´ınia de neu a la Vall de Langtang no
nome´s te´ una vessant temporal estacional, sino´ que tambe´ existeix variabilitat espacial de la l´ınia
de neu. Els gradients latitudinals i longitudinals observats en l’altitud de la l´ınia de neu so´n, en
gran mesura, conseqe`ncia directa de gradients de precipitacio´ existents en la vall.
Finalment, s’ha demostrat la validesa dels productes Landsat TM i ETM+ com a instrument
per estudiar les dina`miques de la l´ınia de neu, ja sigui analitzant les dades en estudis estad´ıstics o
combinant-les amb altres fonts d’informacio´.
iv
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Chapter 1
Introduction
Water demand in Asia is expected to steeply increase with population growth, as well as with per
capita food intake as regions become more developed [Immerzeel and Bierkens 2012]. Mountains are
the water towers of the world, including Asia, where the Himalayas play a crucial role Viviroli et al.
[2007]. Snow and glacial melt are important hydrological processes [Cruz et al. 2007, Immerzeel
et al. 2009], and melt characteristics are expected to be greatly a↵ected by temperature and
precipitation changes [Barnett et al. 2005]. These hydrological processes are definitively important
players to determine water availability for other human uses.
Climate change is a threat for Asia’s water towers. However, the e↵ect of climate change on
water availability in Asia may di↵er substantially from one region to another and thus cannot
be generalized [Immerzeel et al. 2010]. Therefore, regional study of climatic conditions and their
e↵ect on melt are suggested. Taking advantage of remotely sensed images for monitoring snow and
glacial melt is revealed to be a feasible and e↵ective approach for that purpose.
However, the potential use of satellite imaging -and particularly regarding Landsat imagery- is
still to be explored and enhanced. Although remote sensing is an arising topic and widely used
in glaciological studies, many of the latter are focused on mapping snow cover fraction (SCF).
Among these, the great majority do not make use of Landsat data but other imagery sources,
particularly MODIS remotely sensed data [Salomonson and Appel 2004, Vikhamar and Solberg
2003, among many others]. Indeed, it does seem reasonable to use a data source with higher
temporal frequency -MODIS provides daily images while Landsat has a temporal resolution of 16
days- when studying a parameter -SCF- that is barely a↵ected by the spatial resolution -500 m in
MODIS and 30 m for Landsat-. For that reason, MODIS snow cover products have been highly
standardized [Salomonson and Appel 2004, Hall et al. 2002].
On the other hand, Landsat imagery -with 30 m spatial resolution- has also been used to map
SCF with more precision [Rosenthal and Dozier 1996], but there is always the downside of less
temporal resolution. For that reason, the usage of Landsat imagery for snow cover analysis is
basically restricted or addressed to the study of a few number of scenes, these corresponding either
to a short period of time with high availability -minor SCF changes might be relevant when climate
data is abundant- or to analog dates from di↵erent years -scenes with high quality are selected as
representative of an entire period of time and compared with analog ones from di↵erent years-.
Finally, less studies have addressed the study of another parameter, equally relevant and even more
crucial for the regional study of climate. That is the snowline.
A line on the earth surface intersected by an hypothetical surface on which ablation of snow and
ice is balanced with snowfall is called snowline. Local variety of snowfall and ablation rates in alpine
regions caused by extreme topographical conditions results in a uneven and rugged snowline, the
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”actual snowline”. Connecting the lower limits of the ”actual snowline”, the so-called ”orographic
snowline” is obtained. However, snow may be dropped to lower elevations by climatic e↵ects or
topographical conditions and survive there, even at elevations snow does not reach. The ”regional
or climatic snowline” is defined as the snowline excluding the irregularities caused by orography.
Thus, an estimation of the ”climatic snowline” might be obtained by averaging the elevations
”actual snowline” reaches [Nogami 1970].
The methodology proposed in this thesis to extract the snowline (SL) at the point scale from
remotely sensed Landsat images has not been taken from any other study, but it is rather a new
approach to the study of SL dynamics.
1.1 Research objectives
In this chapter, the main research objectives of the thesis are presented and briefly discussed:
1. Assessing the potential use and reliability of Landsat TM, ETM+ imagery for
the study of the snowline dynamics.
Due to its unique characteristics -high spatial resolution but rather coarse temporal resolution-,
the use of Landsat TM and ETM+ imagery might be very beneficial for certain purposes, whereas
it is certainly not suitable for many other applications. It is thus a main objective of this study to
evaluate the applicability of Landsat imagery on the study of the snowline dynamics.
2. Estimating the seasonal and annual evolution of the snowline altitude (SLA) and
their inter-annual variability.
There are many di↵erent factors influencing the SLA. However, little is known about the direc-
tion and magnitude in which these factors influence SLA. Moreover, there exists no exhaustive and
continued register of the SLA in the Langtang Valley. By estimating the seasonal and annual evo-
lution of the SLA, assessing also their stability from year to year, generalized patterns of behavior
might be determined, providing crucial information about which factors have a major influence
into the snowline dynamics.
3. Studying the e↵ect of aspect in the SLA.
From all the factors regulating the SLA, aspect is believed to have an important e↵ect. While
it is true that other factors might be influencing SLA in greater measure, these remain usually
constant over small spatial variations. To the contrary, aspect might change radically over short
distances. The di↵erences of SLA between aspect ranges are studied in this thesis in order to
determine the influence aspect in the same region, where other factors either remain constant or
vary depending on aspect.
4. Assessing the spatial variation of climate -with special focus on precipitation-
in the upper Langtang Valley using the SLA as an indicator, and the e↵ect of
climate in the SLA.
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The upper Langtang Valley is characterized by extreme topography. Due to this, climatic
conditions have a high degree of spatial variation throughout the valley, being particularly visible
in precipitation events. By looking at the spatial variation of the SLA, the magnitude of the
climatic spatial variation and the e↵ect of climate -precipitation and temperature- in the SLA
might be assessed.
5. Building a database with the extracted snowline data-sets to be used in further
research.
Finally, an important objective of this study is also to collect the extracted snowline data-sets
and enhance their usability in order for further studies to take advantage of them.
1.2 Report outline
This section provides a general overview of the report, presenting the contents included in each
chapter.
Chapter 2 is dedicated to the study site -the upper Langtang Valley-. The climate and some
of its main characteristics are explained there, as well as the division of the catchment in smaller
study regions.
Chapter 3 includes detailed explanations of the methodology and data sources used in the
study. Suitability of the chosen methods and data sources is also discussed in this chapter.
Chapter 4 presents results obtained in this study. A quality analysis of the Landsat imagery is
exposed in first place, followed by results of two di↵erent spatial analysis focused on annual and
seasonal SLA dynamics respectively.
Chapter 5 is dedicated to the discussion of results. The main behavioral patterns shown to
be persistent over time are discussed and explanations for these patterns are either confirmed or
hypothesized. This chapter also includes a brief discussion on the usefulness of Landsat imagery
for the study of the snowline, and some suggestions for further research using the data extracted
in this study.
Chapter 6 summarizes main conclusions of the study and recommendations for further research.

Chapter 2
Study site
Introduction
The Langtang River Basin is located in the monsoon dominated central part of the Himalayas,
in Nepal (Figure 2.1). It lies about 130km north from Kathmandu Valley (Figure 2.2), close to the
border with Tibet, China. The Langtang River flows through the main valley, which is typically
U-shaped. Its drainage area is 585 km2 of which 155 km2 is glaciered, and the elevation ranges
from 1406 m in Syafru Besi to the summit of Langtang Lirung at 7234 m. The forests in the region
have temperate and sub-alpine vegetation.
This study is focused on the upper Langtang River Basin, with outlet bellow the village of
Kyanjing (Figure 2.3). From its 350 km2, about 31% is glaciered and 24% corresponds to debris-
covered glaciers [Pellicciotti et al. 2014]. Langtang, Langshisha, Yala, Lirung or Shalbachum are
some of the most important glaciers located in this catchment.
2.1 Climate
The climate in the central part of Nepal Himalayas is dominated by monsoon circulation with
easterly winds in the summer and westerly winds from October to May. In the Langtang Valley,
77% of annual precipitation occurs during the monsoon period (June to September; mean value
over period from 1957 to 2002; [Uppala et al. 2005]. This percentage ranges from 70-85% depending
on the location in Nepal [Ives and Messerli 1989, Singh 1985]. This suggests climate in the region
to be characterized by two main periods: a dry period (October to May) and a wet period (June
to September).
More recent studies indicate the existence of four distinct seasons: pre-monsoon season lasts
from March to mid-June and is characterized by gradual increase of air temperature with high
diurnal temperature variation, while few and rather irrelevant precipitation events are recorded.
During monsoon season (June to September), light daily precipitation events take place. Air tem-
perature is positive but has low diurnal variability, mainly due to thick and persistent cloud cover.
In the latter part of monsoon season, magnitude of precipitations events is considerably higher
while their frequency decreases. The weather is fine during post-monsoon (October-November),
with almost no precipitation and gradual air temperature decrease. Diurnal fluctuations of tem-
perature increase, being comparable to those of pre-monsoon. The winter season (December to
February) is dominated by the lowest temperatures, with few but extreme precipitation events,
usually in form of snow and higher than daily precipitation values during monsoon [Immerzeel
et al. 2014, Shiraiwa et al. 1992]. This results in a large amount of snowfall in the valley, and has
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Figure 2.1 – Map of Nepal and its bordering countries.
significant e↵ect on the snowline [Morinaga et al. 1987]. Precipitation in winter is caused by west-
erly troughs but also associated with the existence of large scale snow cover [Seko 1987], and it is
characterized by very large inter-annual variability [Seko and Takahashjl 1991]. The starting time
of pre-monsoon temperature increase is also subjected to high inter-annual fluctuations [Morinaga
et al. 1987].
Due to the extreme topographical variation, substantial spatial variation of the precipitation
events -magnitude and frequency- is observed not only at macro scale but also at local scale
[Shrestha and Aryal 2010]. Indeed, small latitude variation turns into a significant divergence in
the ratio from monsoon to non-monsoon precipitation in Nepal (0.14 in Kathmandu and 0.66 in
the Langtang Valley [Seko 1987]. On the other hand, precipitation is also strongly dependent on
altitude [Seko 1987, Immerzeel et al. 2014]. The strong local wind circulations induced by the
orographic changes in the large scale mountain valley explain this significant variation of the local
scale climatic conditions [Yasunari and Inoue 1978].
At the same time, the altitudinal and horizontal precipitation gradients -spatial variability-
have a high degree of seasonal variability [Immerzeel et al. 2014]. According to Seko [1987], in
the Langtang Valley, precipitation decreases with altitude from June to September whereas this
correlation is positive in from December to March.
Lower precipitation and higher air temperature is registered in the upper parts of the Langtang
Valley. This suggests a negative precipitation gradient from central parts of the valley towards
the North-east, attributed to the extreme topography, acting as a natural barrier. Consequently,
glaciers in the upper part of the valley show less accumulation during monsoon season, and a drier
winter in the North accentuates the equilibrium line altitude (ELA) regional di↵erences [Benxing
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Figure 2.2 – Langtang Valley, located about 130 km north of Kathmandu, in the central part of
Nepal.
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Figure 2.3 – Upper Langtang Valley with respect to the entire catchment.
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et al. 1984, Shiraiwa et al. 1992]. The upper Langtang Valley shows an heterogeneous spatial
pattern of mass balance and ice volume, which confirms that heterogeneity is large also within a
relatively small catchment [Pellicciotti et al. 2014].
Meteorological data used in this thesis is annexed in Appendix B.
2.2 Division of the upper Langtang Valley in sub-catchments
In order to identify meaningful patterns in such an heterogeneous catchment [Pellicciotti et al.
2014], a division of the upper Langtang Valley in sub-areas becomes necessary. The snowline
(SL), highly dependent on climate, is expected to behave di↵erently among sub-regions in the
valley. Therefore, more and clearer patterns are expected to appear when looking at the data in a
sub-regional -thus more detailed- scale.
A reasonable way to split the upper Langtang Valley in smaller regions is according to some of
its morphological characteristics. Taking into account the fact that the valley is highly glaciered,
it is convenient that derived sub-regions correspond, as much as possible, to the di↵erent glaciers
in the catchment. A sub-catchment based division thus seemed to be a reasonable option, since it
would potentially enclose entire glaciered areas within the same sub-region. Besides, the range of
values that topographic parameters (altitude, aspect and slope) took was to be similar from one
sub-catchment to another.
The catchment was divided in seven di↵erent sub-catchments. Figure 2.4 shows the derived
sub-catchments in the upper Langtang Valley and, at the same time, smaller regions representing
draining areas within each sub-catchment. Glaciered regions of the basin appear green-colored in
the figure.
Sub-catchments as di↵erentiated study regions
More than 70 di↵erent glaciers have been identified within the Langtang Valley [Shiraiwa and
Yamada 1992]. However, its relevance is variable and only those which account for a substantial
part of the catchment surface have been considered as a subject of study.
Some of the most relevant glaciered regions of the upper Langtang River Basin appear in Figure
2.5. There is a high degree of coincidence between the glaciered areas in Figure 2.4 -glaciered regions
in green- and actual glaciers in Figure 2.5. At the same time, the previous observation is to be
extended at the sub-catchment level since main glaciers correspondence with sub-catchments shows
to be evident, allowing to formulate the following statements:
— sub-catchments 1 and 2 correspond to the Langtang glacier area;
— sub-catchment 3 coincides with Langshisha glacier;
— part of sub-catchment 6 corresponds to Lirung glacier;
— sub-catchment 7 corresponds to Shalbachum glacier.
While Langtang and Langshisha glaciers account for the entire eastern side of the Upper Lang-
tang Catchment, a more exhaustive description of the glaciered areas in the western side of the
valley is required. A detailed map of the western region is shown in Figure 2.6.
Revisiting sub-catchment 6, two di↵erent sub-areas are observed. While it is true that Lirung
glacier accounts for a big of it, Figure 2.6 exhibits the fact that Kimoshung glacier is also entirely
contained in sub-catchment 6, but in its eastern side.
Sub-catchments 4 and 5 do not account for a big part of glaciered area. Besides, the glaciered
fraction observed in the southern part of both sub-catchments does not correspond any relevant
glacier. However, Figure 2.6 shows how Yala glacier is located in the northern side of the sub-
catchment 5.
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Figure 2.4 – Sub-catchments of study within the upper Langtang Valley. Green regions correspond
to glaciered areas; streamline is grey-colored; dark blue lines surround the di↵erent sub-catchments
-study regions-, numbered from 1 to 7; light blue lines represent smaller hydrological regions within
each sub-catchment.
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Figure 2.5 – Distribution of some of the main glaciers in the Langtang Valley. Extracted from
Pellicciotti et al. [2014].
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Figure 2.6 – Distriution of glaciers in the western upper part of the Langtang Valley. Extracted
from Shiraiwa and Watanabe [1991].
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In conclusion, there exists a high degree of correlation between the sub-catchments and the
most relevant glaciers in the Langtang Valley. It is important to note that most sub-catchments
contain one or more entire glaciers, not only parts of them. This ensures results from di↵erent
sub-catchments to be valid for entire glaciers.
2.3 Characteristics of sub-catchments
As previously explained in this chapter, the upper Langtang Valley was divided into sub-
catchments in order for the study to perform accurately. The main characteristics of the derived
sub-catchments -area, slope, aspect and glaciered areas- are summarized in this section.
Glaciers
A first remark is to be made about sub-catchments 1 and 2, which correspond to the Langtang
glacier area. Since the Langtang glacier accounts for both sub-catchments and the purpose of this
study is to potentially compare regions of the Langtang valley which correspond to entire glaciers
(or glaciered areas), sub-catchments 1 and 2 were treated as one single study region. Correspon-
dence between glaciers and actual study sub-catchments -already explained in this chapter- is and
listed in Table 2.1.
Table 2.1 – Correspondence between study sub-catchments and glaciers in the upper Langtang
Valley.
Sub-catchment Sector Glacier
1&2 Entire sub-catchment Langtang
3 Entire sub-catchment Langshisha
4 - -
5 North Yala
6 East, West Lirung, Kimoshung
7 Entire sub-catchment Shalbachum
Area
By merging them, sub-catchments 1&2 account for a quite big portion of area. Table 2.2 shows
the fraction of the Langtang Valley occupied by each sub-catchment. While it is true that sub-
catchments 1&2 represent one third of the entire basin, all other regions have comparable sizes.
Sub-catchments 3 and 5 -corresponding to Langshisha and Yala glaciers respectively- account for
more than 15% each one. Finally, sub-catchments 4, 6 and 7 have very similar areas, representing
10% of the basin each one.
Aspect
Previous studies state that aspect is one the parameters that has substantial impact on the
snow accumulation and ablation processes [Jain et al. 2008, Murray and Buttle 2003, Jost et al.
2007, Hendrick et al. 1971, Berndt 1965, Golding and Swanson 1986, D’Eon 2004]. The influence
of aspect into the ELA of glaciers has also been suggested [Seltzer 1994, Shi et al. 1992, Ohmura
et al. 1992, Kuhn 1984]. For this reason, a separate analysis of the SLA was carried out for di↵erent
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Table 2.2 – Area percentage of the Langtang Valley represented by each sub-catchment.
Sub-catchment Area within the Langtang Valley
[%]
1&2 34.29
3 18.91
4 10.99
5 16.89
6 9.00
7 9.92
aspect ranges. The division of the SL datasets into aspect quarters is further explained in Section
3.5.
Table 2.3 shows the importance of each aspect quarter in di↵erent sub-catchments, and suggests
the existence of either a clearly dominant or a poorly represented aspect range in almost each sub-
catchment. A clear example of that fact is sub-catchment 6, where both cases co-exist. While
Northern face accounts for less than 4% of the area, its opposite quarter -Southern range- holds
more than 50% of the sub-catchment area. Less extreme evidences are observed in the rest of
regions with the exception of sub-catchment 4, where all faces have a very similar portion of area.
Both Table 2.3 and Figure 2.7 show that, in general terms, sub-catchments located in the
Southern side of the Langtang River Basin -those are sub-catchment 3, 4 and 5- have a more
equally distributed representation of all faces, while those study areas in the north-western part
of the basin -sub-catchments 1&2, 6 and 7- show less homogeneity, specially for the north face,
less dominant than the others. At the same time, and within the Southern and Northern groups,
regions in the western side of the valley have, up to some degree, a more equal representation of
aspect quarters than eastern regions.
Table 2.3 – Area percentage held by aspect ranges within each sub-catchment and the entire
Langtang Catchment.
Sub-catchment East South West North
[%] [%] [%] [%]
1&2 26.62 28.55 28.27 16.56
3 15.31 27.21 29.02 28.45
4 26.37 24.39 25.57 23.67
5 16.00 26.43 16.61 40.96
6 27.03 50.60 19.14 3.24
7 27.52 34.03 28.35 10.10
Entire Langtang Catchment 22.79 30.01 25.33 21.87
Slope
Table 2.4 exhibits mean slope values for the aspect quarters within sub-catchments. Steeper
slopes for the entire sub-catchments are observed in the North-west (sub-catchments 6 and 7) and
the South-east (sub-catchment 3) sides of the valley. The distribution of slope ranges throughout
the Langtang River Basin is displayed in Figure 2.8, where the presence of steep slope areas in
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Figure 2.7 – Distribution of the aspect quarters in the Langtang Valley, divided in sub-catchments
(North face appears twice in the legend but it should be considered as a single range of values
(315-45)).
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sub-catchments 3, 6 and 7 is evident. However, aspect ranges take, overall, very similar mean slope
values and, since steeper slopes are a source of error -potential misclassified cells during Landsat
imagery processing-, this fact ensures snowline (SL) characteristics from di↵erent aspect ranges to
be comparable.
Table 2.4 – Mean slope of aspect ranges within each sub-catchment. Slope and aspect were derived
from the Digital Elevation Model at cell scale; slope values in the table resulted from averaging all
cells corresponding to the same aspect range within the same catchment.
Sub-catchment East South West North Entire sub-catchment
[ ] [ ] [ ] [ ] [ ]
1&2 24.20 24.77 30.68 28.25 26.87
3 31.42 31.54 26.24 31.00 29.83
4 23.63 27.03 26.81 26.30 25.90
5 25.11 23.78 20.13 26.36 24.44
6 34.02 31.80 28.18 28.56 31.60
7 32.74 26.99 29.48 36.36 30.22
Entire Langtang Catchment 24.38 24.58 23.98 26.70 25.28
Comparability between sub-catchments
With due respect to the obvious di↵erences between sub-catchments, all them represent either
a similar portion of the upper Langtang Valley or an entire glaciered region, or both. Moreover,
these have similar slopes and aspect distributions with a wide range of values of both parameters
represented. This does not occur by chance, but due to the hydrological-based routine used for
deriving the sub-catchments (Section 3.2). And last but not least, the derived sub-catchments allow
a North-South and East-Center-West division of the valley, contributing to the interpretation of
obtained results.
In conclusion, the proposed division is considered adequate for the purpose of this study.
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Figure 2.8 – Slope map of the Langtang Valley derived from a Digital Elevation Model of 100m
grid size.

Chapter 3
Methodology and Data
3.1 Data
3.1.1 Landsat imagery
The study of seasonal changes in the snowline (SL) at a sub-catchment scale requires a good
equilibrium between temporal and spatial resolution of the data. Both due to low accessibility and
size of the study site, satellite remote sensing is an optimal solution for this purpose. However,
diverse satellite imagery products with di↵erent characteristics are accessible and, therefore, a
trade-o↵ that optimally fulfills both preliminary conditions was to be found.
Landsat, representing the world’s longest continuously acquired collection of space based moderate-
resolution land remote sensing data, is highly suitable for this case study. Landsat products The-
matic Mapper (acquired with Landsat 4 and 5) and Enhanced Thematic Mapper Plus have a cell
resolution of 30 m and a new Landsat image is available every 16 days approximately. Landsat TM
scenes were obtained in Landsat missions 4 and 5, while ETM+ is a Landsat 7 product [United
Stated Geological Survey 2014].
All available Landsat TM and ETM+ images for the period 1999-2013 were accessed. Unfor-
tunately, the sensors are unable to penetrate cloud cover, so actual availability is lower, especially
during monsoon period. In addition, some images have partially reduced quality due to local
cloudiness.
Landsat TM and ETM+ data used in this study have been previously atmospherically-corrected
[Miles et al. 2013] via the LandCor implementation of the 6S radiative transfer model [Kotchenova
and Vermote 2007, Zelazowski et al. 2011].
3.1.2 Digital Elevation Model (DEM)
The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) is an imag-
ing instrument and one of the five sensors onboard Terra -a satellite of NASA’s Earth Observing
System-, launched in December 1990. ASTER data is used to create detailed maps of land surface
temperature, reflectance, and elevation, since February 2000.
A 30 m resolution ASTER Global Digital Elevation Model resampled to 100 m resolution and
slightly topographically corrected was used in this study. Its vertical accuracy is between 30 and 40
meters in areas with slopes less than 30 . Although Landsat imagery has higher spatial resolution,
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the precision required in this study with respect to topographic parameters -derived from the
DEM- was perfectly fulfilled by the 100 m resampled DEM. The biggest source of error is found
in the categorization of Landsat imagery cells and it cannot be prevented anyway.
3.1.3 Radiation and climate data
Measurements of short-wave solar incoming radiation, air temperature and precipitation recorded
with automatic weather stations (AWS) during di↵erent field campaigns in the upper Langtang
Valley are used in this study.
Potential clear-sky global irradiance simulated by Ragettli et al. [2014] -with a non parametric
model based on Iqbal [1983] accounting for the position of the sun relative to every model grid
cell at each time step- is used in this study. The vectorial algebra approach proposed by Corripio
[2003] was used for the interaction between the solar beam and terrain geometry. More detailed
description of the methods is to be found in Ragettli et al. [2014].
3.2 Digital Elevation Model pre-processing to obtain sub-
catchment division
The sub-regions of study were determined using a hydrological GIS extension tool, which -based
on topographical information- computes the stream routing of the basin, considering as part of the
streamline every cell draining more than a certain amount of upstream cells. The number of cells
is fixed by setting a threshold and therefore the number of sub-catchments determined depends on
this threshold. A small threshold returns a large number of small sub-catchments whereas a larger
threshold returns less but bigger sub-catchments.
In order for the study to be not only precise but also feasible, the number of sub-catchments
derived was to be rather small. After an iteration process, a threshold of 1000 cells was set. With
that threshold, the valley was divided into seven main sub-catchments, which were afterwards used
as study regions. A map of the derived sub-catchments in the upper Langtang Valley is previously
shown in Figure 2.4.
3.3 Determination of the snowline using GIS
Spatial analysis and mapping of Landsat imagery was required to study the SL behavior and the
behavioral di↵erences throughout the Langtang Valley. The use of GIS tools, concretely ArcGIS
software , allowed the determination of the SL shape and the extraction of its characteristics at
the point-scale, resulting in a database that contains SL features and attributes for each Landsat
image.
The process with which the SL was determined has three major and di↵erentiated steps, con-
ceptually explained below.
3.3.1 Snow cover outline
As already mentioned in Chapter 1, the snowline (SL) is theoretically equivalent to the snow
cover outline. Unfortunately, due to the presence of partial cloud cover, deep shadow areas and
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cells containing no information, the snow cover outline is not fully visible in satellite imagery.
Having said that, partial determination of the snow cover outline is still possible, and it turns to
be a first step to extract SL information from the Landsat scenes.
Therefore, a GIS routine was set up to extract the snow cover outline from each image. Snow-
categorized cells adjacent to a non-snow-categorized cell are selected and converted to a closed
polygon shape. As a result, this accounts both for the visible fraction of the snow cover outline
and also for cells bordering cloud cover, deep shadowing and non-recorded areas. The other two
steps of the routine are enclosed in the noise reduction process.
3.3.2 Noise reduction
Cloud cover, deep shadowing and NaN filters
A point-scale treatment of the closed polygon allows the removal of misclassified cells in the
snow cover outline estimation. By clipping the Landsat image (raster) with the closed polygon,
a layer of points containing Landsat information corresponding to the snow cover outline was
obtained.
Filters detecting cloud cover, deep shadowing and NaN (non-recorded area) closeness to the
points were applied to extract the visible snow cover outline. Based on a threshold distance, points
too close to a cloud cover, shadowing or non-recorded cell were taken as misclassified and, thus,
not extracted as snow cover outline. 30 meters were set as threshold distance to assure that only
those points whose corresponding cell was adjacent to an erroneous-value cell were eliminated.
Outcrops and nunataks removal
An outcrop is that part of a rock formation which is exposed at the Earth’s surface. A nunatak
is a rocky summit or mountain range that stands above a surrounding ice sheet in an area that
currently is being glaciated [Oxford University Press 2014]
Occasional outcrops or nunataks in high altitude ranges are, in great measure, a direct con-
sequence of terrain’s orography. Although the SL position is influenced by the topography, it
certainly depends on other factors as well. Wind, precipitation and other climatic phenomena
have, for instance, a big e↵ect on SL dynamics.
It is not the point of this study to analyze outcrop’s and nunatak’s presence or behavior.
Besides, due to its di↵erent behavior and high altitude range, considering them as a part of the
SL would have caused results to be biased towards higher snowline altitudes (SLAs), which do not
represent its actual behavior. As a matter of fact, keeping these regions in the analysis might had
been a potential source of error, since misclassification of cells is more likely to appear in areas
with extremely sheer topography. Therefore, removal of outcrops and nunataks was justified.
In order to exclude outcrops and nunataks from the SL delineation, the GIS routine includes a
third step, consisting on a filter that selects the closed areas within the snow cover fraction (SCF)
that are not covered by snow. By removing the snow cover outline points surrounding them,
suitable SL delineation is obtained.
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3.4 Quality analysis of the Landsat imagery
The coarse temporal resolution of Landsat imagery becomes an impediment to a detailed and
robust analysis of SL temporal dynamics. Contrariwise, due to its high spatial resolution (in
comparison to other satellites), the information extracted from the scenes acquires more reliability.
However, not only the temporal and spatial resolution of Landsat scenes a↵ect the results. Actual
reliability of the extracted SL values depends also on the fraction of the Landsat scene containing
useful information. Cloud cover and deep shadowing areas are considered useless for the study.
The same applies for the non-recorded cells. All of them reduce the quality of Landsat scenes. For
that reason, a ratio concerning image quality was calculated for all images:
Image quality ratio =
Cells containing useful information
Total number of cells
(3.1)
As regards to the image quality e↵ect on the visible snow cover outline, which determines the
SL shape afterwards, the snow cover visible fraction was obtained also for each Landsat image:
Snow cover fraction =
Cells categorized as Snow
Total number of cells
(3.2)
While it is true that other values were taken into consideration, both ratios served in great
manner the validation process of the imagery.
3.5 Database composition
3.5.1 Processing the snowline datasets
The output of the GIS routine that derives the SL of the Langtang Valley is, for each Landsat
scene, a set of points defined by their position in the basin and a wide range of attributes adding
information. The attributes correspond to parameters that are object of study or, at least, might
have influence in SL characteristics and dynamics.
The following parameters, defined at point-scale and corresponding to the SL, were extracted
and included into the database:
— Altitude
— Slope
— Aspect
— Sub-catchment
— Potential radiation
— Clear sky factor
Note that slope and aspect information was directly extracted from the digital elevation model
(DEM).
The average number of snowline points (SLPs) derived from each image -considering all selected
Landsat images from 1999-2013- is approximately 14300 points, and each of these datasets needed
to be processed afterwards. As previously mentioned in Chapter 2, the Langtang Valley was
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divided in sub-catchments. Each sub-catchment was expected to show a relatively homogeneous
behavior as far as the SL dynamics. Randomly picked Landsat scenes were processed to test the
methodology and, as far as the extracted datasets, even by looking at one single sub-catchment,
the range of values SL parameters took -especially the snowline altitude (SLA)- was quite large.
Consequently, a further division of the SL data was reasonable and justified.
3.5.2 Division into aspect quarters
A more detailed analysis of the SL required sorting the dataset according to another filter
or classification. As previously explained in Section 2.3, aspect plays an important role in SL
dynamics. Besides, in a potential correlation analysis among parameters -which was an option
but did not take place in the end-, aspect was to be treated as a qualitative or dummy variable,
setting aspect ranges -aspect has not a linear but circular nature (360 equals 0)-. Both reasons
made aspect a good candidate for reaching a more detailed classification of the data.
In high-mountain regions, areas exposed to similar climatic and topographic conditions but with
di↵erent orientation might behave substantially di↵erent. That is due to the fact that mountainous
regions are characterized by sheer topography and, thus, shadow plays a big role there, limiting
the amount of incoming radiation received the terrain.
In order to make the analysis sensitive to this phenomenon, four aspect ranges were set: East
(45-135 ), South (135-225 ), West (225-315 ) and North (315-45 ).
3.6 Spatial analysis of the snowline characteristics and dy-
namics
In this section, the methods used for the di↵erent analysis of the SL data are explained. Two
types of analysis were considered.
3.6.1 Monthly average analysis
The point of the following analysis is to extract consistent patterns on the annual evolution
of the snowline altitude (SLA) in the upper Langtang Valley, with special attention to the di-
vergences and similarities between di↵erent parts of the valley, represented by previously derived
sub-catchments.
Although temporal resolution of Landsat imagery is rather low, the studied time period (1999-
2013) is considered large enough to unequivocally state that the observed average behavior of
the overall period is representative of the general annual patterns of the SLA in the Langtang
Valley. For that reason, a monthly average analysis of the Landsat extracted data was carried out
to determine the average annual SLA evolution and dynamics. The mentioned analysis consists
on averaging the extracted SLA of Landsat images corresponding to the same month, during the
entire time period 1999-2013. On one hand, the study had to take advantage of the maximum
amount of images considered valid for the analysis and available for the period. Thus, all the
valid Landsat scenes were added to the analysis. One the other hand, each year had to be equally
weighted in the monthly average, independently of the number of images, so that the results are
not biased towards the periods with more data available. That is the reason why the SLA values
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corresponding the same year and month were previously averaged, resulting in a single monthly
SLA value for each year and month, subsequently added to the following equation:
(MA SLA value)month =
P2013
y=1999 [(SLA value)y]month
[No. of years represented]month
(3.3)
As a result, a monthly average (MA) of the SLA value is calculated for each month, allowing
an annual evolution analysis. Di↵erent SLA statistics -mean, median, minimum and standard
deviation- were extracted from each Landsat image. This analysis was carried out for all of them
-the statistics-, applying exactly the same explained methodology to obtain monthly average values
of each one of them.
Landsat imagery was previously filtered in order to assure a minimum image quality. Although
the number of snowline points (SLPs) extracted from a scene is not a direct indicator of image
quality, it is directly influenced by the image quality and, thus, it becomes an indirect indicator of
it.
3.6.2 Seasonal snowline variability
Snowline altitude (SLA) is influenced by a lot of factors, including climatic conditions and
events. Although climatic conditions follow a more or less consistent annual evolution, seasonal
distribution and relevance of meteorological events is not consistent from one year to another.
Therefore, since SLA is a↵ected by them, neither SLA time patterns -at seasonal scale- are con-
sistent from one year to the next. Nevertheless, mean SLA amplitude -with SLA amplitude being
understood to be the di↵erence between the maximum and the minimum value reached by the
mean SLA of the considered Landsat scenes- within a season is no longer dependent on the dis-
tribution of the meteorological events within the season and it is thus expected to have higher
consistency between analog periods from di↵erent years.
A seasonal study of the SLA variability requires a great level of detail, which is just not
provided by the method previously proposed for the monthly average analysis. As regards to the
purpose of characterizing SLA amplitude within a short period of time, there are two fundamental
requirements Landsat data has to fulfill. Since the SLA amplitude is to be calculated within a single
season of a certain year, the amount of Landsat images selected to calculate it -SLA amplitude-
in one season of a given year will be rather poor -Landsat imagery has a return period of 16 days
and actual availability is even lower-. Therefore, the quality of the imagery is essential for having
all the upper Langtang catchment well represented. As discussed in Section 4.1.2, Image Quality
Ratio is a good indicator of actual image quality, and the threshold above which good image quality
is insured is 0.7. For that reason, the condition IQR   0.7 was used as a first filter for Landsat
imagery.
After assuring image quality, periods of study are to be determined. It is obvious that not
all seasons of each year have enough image availability to be included in the analysis. It is also
expected that not the same amount of periods will fulfill a given set of conditions -regarding image
availability- for each season. And, by trying to standardize the process to an equal number of
periods studied for each season, either poorly represented periods would have to be included in
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the analysis or greatly represented ones would be excluded -reducing in both cases the quality of
the analysis-. That is the reason why, for each season, only the periods which fulfill the following
conditions were added to the analysis:
— “Image per month” ratio   1
— The entire season is represented -that is, images are greatly distributed all over the period,
so that each month is represented-.
As a result, di↵erent amount of periods were selected for each season, based on the fulfillment
of the aforementioned conditions. This way, the results obtained for di↵erent seasons are trustable
and might be contrasted, allowing a comparative analysis of the SLA amplitude variability among
di↵erent seasons.
Finally, the seasons in which the year was split are:
— Winter (December 1st to Feburary 28th)
— Pre-monsoon (March to June 14th)
— Monsoon (June 15th to September 30th)
— Post-monsoon (October 1st to November 30th)
Monsoon season was not included into the analysis due to the lack of Landsat qualified imagery
during that period.

Chapter 4
Results
4.1 Results of the Langtang imagery quality analysis
4.1.1 Image availability
Although Landsat imagery has a period of return of approximately 16 days, much less data is
actually available (Section 3.1.1), resulting in a rather poor image availability, as seen in Table 4.1.
Regarding image availability, three periods of the same duration might be di↵erentiated. The
first one concerns years 1999 to 2003, when there is no year reaching 10 images per year. Far away
from being a completely representative sample, note that 8 or more images per year might mean,
however, one available image each month -if it is the case where no images are available for the
monsoon season and, thus excluding this season, which lasts in some cases more than three months,
from mid June until September-. Unfortunately, this is not the case for any of the years in the
period, when there is always at least one image for each year corresponding to the monsoon season
(Figure 4.1). To the contrary, image availability is, during this period -1999 to 2003-, usually
poorer in pre-monsoon season (March until mid June).
The second period corresponds to years 2004-2008, where higher image availability is observed.
With a minimum of 10 and up to 16 images per year, years from this period have -excluding the
year 2007- more than one image per month but still some variability from one year to another.
However, this period is considered to have an acceptable image availability but highly dependent
on image quality, since excluding few images results in a substantial lowering of image availability.
The third and most recent period consists on years 2009 to 2013. Not only more images per year
are available, but it also remains more stable. While the number of scenes reaches an extremely
-and abnormal - value in 2009, for the rest of the period it stabilizes at 17 to 19 images per year
-that is around 1.5 images per month-, making this period the one with best study conditions.
The unusually high temporal resolution of year 2009 gives room to further analysis -focused on
this particular year-, which might take advantage from that fact.
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Table 4.1 – Number of studied Landsat images per year during the period 1999-2013.
Year Number of images
1999 3
2000 5
2001 7
2002 9
2003 8
2004 13
2005 16
2006 13
2007 10
2008 16
2009 30
2010 19
2011 17
2012 17
2013 17
4.1.2 Image quality
Based on Equations (3.1) and (3.2) from Section 3.4, Image Quality Ratio (IQR) and Snow
Cover Fraction (SCF) values were obtained for each selected Landsat image. Both ratios provide
information about the quality of the selected scene, but also the correlation between them is an
indicator of the e↵ect noise -cloud cover, deep shadowing- and lack of information have on image
reliability reduction.
Temporal evolution of these two values is plotted in Figure 4.1, where the three periods be-
fore mentioned appear in di↵erent charts, and a progressively higher image availability is clearly
observed thorough the studied time period.
There are few scenes with very low quality among the selected imagery -scenes with a cloud
cover fraction higher than a threshold were already excluded. In most images, and specially during
periods with sustained good image quality (IQR   0.7), SCF and IQR are not visually correlated.
However, correlation between IQR and SCF becomes higher and hence visible when IQR is low.
Although this change of behavior is not governed by a certain threshold, it is usually manifested
for IQR values inferior to 0.7.
Note that Snow Cover Fraction should not be dependent on the Image Quality Ratio, but only
when quality is substantially reduced (low IQR), this latter might have an influence into SCF -since
SCF accounts for the visible snow cover fraction, disregarding the fraction of snow cover occult by
cloud cover-.
Therefore, whenever image quality is a requisite or priority, an Image Quality Ratio of 0.7 has
to be set as a filter for selected imagery.
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4.1.3 Extent of the extracted data sets
Leaving aside the implications Image Quality Ratio might have in further steps of this study,
another parameter has to be taken into consideration when analyzing image reliability, and that is
the extent of the SL dataset extracted from each image. Since the GIS routine derives the SL at the
point scale, which coincides with the Landsat grid scale (30 m), the amount of points determined
in each image is representative of the visible SL length. Thus, the number of SLPs is, for each
image, an indicator of the actual e↵ect of cloud cover on image quality. That is the reason why
not only the fraction of cloud cover is important, but so is its position, which determines the e↵ect
this has on the extraction of SL information.
Additionally, while it is true that cloud cover is damaging image quality by reducing its repre-
sentativeness, the visible portion of SL provides however trusted information since, independently
of the number of derived points, each one of these accounts for a single cell of the Landsat image,
avoiding interaction with adjacent and potentially cloud cover cells.
In some analysis, quantity of acquired data might be prioritized over data quality -keeping it
above a certain level-, specially when wide samples are required for the analysis to be representative.
Whenever this is the case, the number of derived SLPs becomes a good indicator for deciding
whether or not data is trustable.
Figure 4.2 exhibits the extension of the SLPs dataset extracted for each image over the studied
time period (late 1999 to 2013). With scenes reaching more than 35000 points, the average number
of the SLPs is -for each scene during the whole period of time- of 14300 points. The figure
also evidences the fact that, overall, no aspect quarter is underrepresented, complementing the
validation analysis of the sub-catchment division discussed in Section 3.5.2.
4.2 Results of the spatial analysis (I): Annual SLA dynamics
4.2.1 Extent of the selected Landsat imagery
The criterion to determine Landsat scenes appropriate for the analysis was based on the number
of SLPs derived from them. Since the study was carried out concurrently for each sub-catchment,
the number of images selected for each of them does not necessarily coincide. A minimum of 1000
derived SLPs in the concerning sub-catchment was set, so that only Landsat images reaching this
extension were validated for the analysis. The extent of the selected imagery for each sub-catchment
and month is shown in Figure 4.3.
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Figure 4.2 – Extent of extracted snowline points dataset of all studied Landsat images during the
period 1999-2013, distinguishing points from di↵erent aspect quarters.
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Figure 4.3 – Number of Landsat images studied in the monthly average analysis for each month
and sub-catchment.
Looking at the average of all sub-catchments for each month, post-monsoon (October, Novem-
ber) is the best represented period with an average of around 20 Landsat scenes for almost each
sub-catchment. It is followed by winter (December to February), where more variability -as far as
the number of images- is observed. While December has still a high number of images, there is a
substantial drop in January, which is only partially recovered in February. Winter precipitation
is known to have a high degree of variability between years in the Nepalese Himalayas [Seko and
Takahashjl 1991] and hence so does cloud covering. Although it is di cult to estimate in which
degree is that a↵ecting the number of selected images, it is for sure an important factor influencing
the drop in the amount of studies scenes. Another peak is observed in March, followed by a de-
crease in April, which is sustained and even aggravating in the next months until August, lowering
the number of points down to 5, on average, in July. For that reason, monsoon period (mid June
to September) is always studied with big precaution, being the results often di cult to extrap-
olate given the low data availability, specially for certain sub-catchments. Finally, and although
pre-monsoon (March to mid June) is not extremely well represented, almost all sub-catchments
maintain a modest but su cient number of selected scenes. Nevertheless, the following analysis
is not based on the mentioned 4-period approach -di↵erentiating pre-monsoon, monsoon, post-
monsoon and winter-. Considering the monsoon-dominated climate to have only two large and
di↵erentiated seasons ([Seko and Takahashjl 1991]), winter (October to March), or the dry season,
coincides with the period where more images were taken as valid for the monthly average analysis.
To the contrary, during summer (April to September), when more precipitation occurs, the number
of images is approximately halved, in comparison to winter.
It is also important to look at the di↵erences between sub-catchments for a given month.
Eastern sub-catchments 1&2 and 3 usually have equal (or very similar) number of studied images
for each month. To a lesser extent, the same applies for sub-catchments 4 and 5, since no big
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di↵erences are observed. While it is true that the same reasoning is not valid for Western regions 6
and 7, it is a fact that sub-catchment 6 is almost always at the lower extreme, while sub-catchment
7 shows the transition between sub-catchment 6 and 4. Recalling the sub-catchment distribution,
displayed in Figure 2.4, note that sub-catchment 7 is adjacent to both regions 4 and 6 and all
three account for the same portion -a 10% approximately- of the Langtang Valley area (Table 2.2).
Results concerning sub-catchment 6 are, therefore, to be treated carefully, since it is, specially
during summer period, substantially underrepresented.
Alhough Image Quality Ratio is not used as a filter criterion in this analysis, the importance
of assuring a certain image quality level is discussed in Section 4.1. However, by setting a certain
number of snowline determined points as a threshold, average quality of the selected imagery is
expected to increase. An IQR around 0.8 is observed in Figure 4.4 for each month and sub-
catchment except for August and September, when IQR reaches its minimum around 0.6.
Figure 4.4 – Average Image Quality Ratio for the Landsat images studied in the monthly average
analysis for each month and sub-catchment.
Finally, Table 4.2 displays the average number of SLPs corresponding to each aspect range.
Only Landsat scenes selected for the current analysis were averaged, so these values provide in-
formation about actual consistency of the results found in Section 4.2.3, where aspect quarter
behavior is studied.
4.2.2 Main SLA statistics: mean, median, minimum and standard devi-
ation
The values analyzed and discussed in this section result from a monthly average of the statistics
determined in the studied Landsat images. Therefore, these “monthly averaged statistics” are based
on as many values as Landsat scenes selected for the corresponding sub-catchment and month. The
way how the average is carried out is widely explained in Section 3.6.1.
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Table 4.2 – Average number of snowline points (SLPs) for each aspect quarter in each sub-
catchment.
Sub-catchment
Average number of SLPs
East South West North
1&2 1336.72 1325.82 2122.62 1094.19
3 473.15 837.36 930.42 1142.81
4 567.10 436.28 727.94 535.38
5 481.10 478.53 460.49 1255.60
6 265.64 736.67 341.29 58.95
7 435.56 429.96 566.08 168.78
In order to simplify and clarify the explanation of the results, the terminology “mean” or
“average” is never used -from here onwards- when referring to the “monthly averaged statistics”.
Otherwise, the term “Mean” is implemented to denote the statistic itself, from which a monthly
average value is also obtained.
Mean
Monthly average values of the Mean SLA are plotted for each sub-catchment in Figure 4.5.
While it is true that, overall, the SLA ranges from roughly 4600 up to 5500 meters, the range
of values reached by a certain sub-catchment -no matter which one- is, at least, reduced by half.
Moreover, there are sustained di↵erences between SLAs of di↵erent sub-catchments, which indicate
that SL variability has to be studied for each sub-catchment separately.
Figure 4.5 – Annual evolution of the monthly average Mean SLA for each sub-catchment.
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Table 4.3 – Statistics of the monthly average Mean SLA for each sub-catchment.
Sub-catchment 1&2 3 4 5 6 7
Mean 5381.82 5297.86 5115.54 4856.25 5040.81 5149.86
St. Dev. 82.72 103.88 110.87 187.30 152.87 157.74
Some patterns -regarding Mean SLA di↵erences between sub-catchments-, which concern the
entire Langtang Valley, might be appreciated in the figure. The fact that these SLA di↵erences
are in most cases sustained throughout the year suggests three commentaries.
First, the change of SLA behavior between sub-regions is not radical, but progressive across
adjacent sub-catchments. Table 4.3 shows how the annual average SLA -mean statistic- and its
variability -standard deviation- range from sub-catchments 1&2 -located in the North-Eastern
side of the Langtang Valley-, where highest SLA and lowest variability are observed, to sub-
catchment 5 -South-Western and opposite side of the valley-, where lowest SLA and extremely
high variability takes place. Although the fact that adjacent sub-catchments behave similar might
seem an obviousness, it is not at all. Adjacent regions might have -and that is the case, for instance,
of sub-catchments 5 and 6- very di↵erent aspect quarters compositions. In a regions where climatic
conditions are similar, aspect is expected to have a greater e↵ect in SL position. Nevertheless, and
although aspect does have an influence on SLA as seen in further steps, this is not explaining the
behavior of sub-catchments in the chart. Therefore, from the spatial variation of SLA -absolute
values and variability- in the Langtang Valley, a potential spatial gradient in climatic conditions
might be inferred.
Second, and picking up the point made in the previous paragraph, two particular gradients
might be observed as regards to the SLA spatial variation. On one hand, Eastern sub-catchments
-1&2 and 3- have the highest SLAs while Western regions -sub-catchments 5 and 6- have the lowest
elevations. Central regions 4 and 7 have SLAs ranging in between both East and West extremes.
On the other hand, and within the Weat-East gradient, a North-South gradient is, to a lesser
extent, identified. Comparing North-South SLAs within the Eastern -1&2 and 3-, central -7 and
4- and Western -6 and 5- sides of the catchment, Northern sub-catchments -1&2, 7 and 6- show,
generally, higher SLAs than their analogous in the Southern side -3, 4 and 5-. In conclusion, a
dominant East-West SLA gradient together with a -less important but also visible- North-South
SLA gradient explain the sustained snowline elevation di↵erences in the Langtang Valley.
Third and last point regards SLA variability, quantified by the standard deviation values in
Table 4.3. While sub-catchments 1&2, 3 and 4 have lower standard deviations, sub-areas 5, 6 and
7 exhibit a rather high variability, which suggests a careful observation of their annual evolution
(Fig. 4.5). A sudden and extremely pronounced drop in August characterizes all three mentioned
sub-catchments. This unexpected behavior becomes specially suspicious for the monsoon period,
where image availability is rather poor. Indeed, revisiting Fig. 4.3, only one image is considered the
monthly average analysis of sub-catchment 6 in August, which excludes this sub-catchment to be
analyzed in August. As regards to the other two sub-catchments, also few images corresponding to
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August were selected, which increases the possibility that one single value is skewing the monthly
average towards a lower value. However, Table 4.4 shows how, for both regions, there is a really
consistent SLA in most of the images, rejecting the possibility of outliers skewing the average.
Table 4.4 – Mean SLA values for the August Landsat scenes selected in sub-catchments 5 and 7.
Sub-catchment 5 Sub-catchment 7
Date Mean SLA Date Mean SLA
2002.08.08 5122 2002.08.08 4974
2003.08.27 4745 2003.08.27 4806
2004.08.29 4515 2004.08.29 4905
2006.08.19 5276
2008.08.24 4485 2008.08.24 4910
2011.08.01 4427
2011.08.17 4380
Due to the reduced amount of studied images, it is possible that exceptional climatic conditions
took place during the years when those Landsat scenes were collected. For that reason, a second
step to contrast the behavior of Western sub-catchments in August is to look at climate data -
monthly accumulated precipitation and mean monthly temperature- of those years where Landsat
images are selected in sub-catchments 5 and 7. Figures 4.6 and 4.7 compare the climate data
from those years to the average -and standard deviation- values of the period 1999-2010, for which
reliable climate data is available. It is important to note that climate data is only available for the
entire Langtang Valley, and no data is registered separately for the sub-catchments derived from
this study.
Precipitation values for the month of August throughout the di↵erent considered years are,
indeed, not far away from the average. Only year 2002 has specially high precipitation in August
due to late monsoon period. Besides, SLA in August 2002 happens to be higher than the rest
of years, which dismisses precipitation as a possible explanation for the observed SLA behavior.
The same reasoning applies for the monthly temperature chart, where, again year 2002 is the only
one showing a substantially high value in August. However, temperature is specially high for the
whole year during 2002, which, again, proofs that temperature is not influencing SLA drop. In
conclusion, thus, neither precipitation nor temperature were exceptional for the years where images
are selected, not causing the lower peak of August SLA in sub-catchments 5, 6 and 7.
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Figure 4.6 – Monthly precipitation values for selected years (2002, 2003, 2004, 2006 and 2008)
contrasted with average and standard deviation values of the period 1999-2010.
Figure 4.7 – Monthly temperature values for selected years (2002, 2003, 2004, 2006 and 2008)
contrasted with average and standard deviation values of the period 1999-2010.
In order to be sure that this phenomenon is not caused by the utilization of the mean as
statistic, monthly average median SLA values were plotted instead. Although median SLA is
analyzed further on in this report, the same behavior is observed in August -when using the
median as statistic- (Figure 4.9). Therefore, the SLA drop in August is not a consequence of using
the mean as statistic.
A factor potentially causing this lower peak in August could be the fact one of the aspect ranges
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would be clearly di↵erentiated from the others in August -due to any reason-, resulting in a general
drop in SLA. However, Figure 4.8 shows that aspect quarters behavior during the studied period
is similar. Although the magnitude of the SLA drop is di↵erent in each aspect range, the only face
actually diverging from the overall behavior is the North face, where SLA for sub-catchments 5
and 7 does not fall, but rises in August. Anyway, East, West and South orientation ranges have a
consistent behavior as far as the discussed drop.
Figure 4.8 – Monthly average Mean SLA of aspect quarters in each sub-catchment.
Having discarded the aforementioned potential causes, and since mean SLA for each Landsat
image is the result of averaging the elevation of all points determining the SL, variability of SLPs
elevation might provide a hint of the underlying cause of this behavior. Monthly average SLA
Standard deviation -regarding a single image- is exhibited in Figure 4.14. While it is true that
sub-catchment 5 has its maximum standard deviation value in August, this is not the case for sub-
catchment 7 -or any other sub-catchment-, where August is not characterized by high variability.
Finally, Figure 4.12, which contains monthly average Minimum SLA values, indicates that
Minimum SLA also decreases in August for the Western sub-catchments suggesting, thus, that
probably the SL as a whole is su↵ering an elevation range decrease. All in all, it is a fact that this
SLA drop existed in the selected images, but no explanation regarding possible causes was found.
A last step missing into this direction is the discussion on whether the SLA August lower peak
can be extrapolated. For this purpose, Landsat scenes selected for sub-catchments 5 and 7 in
August are also examined in the rest of sub-catchments. Table 4.5 shows that mean SLA values
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of the mentioned Landsat scenes for sub-catchments 1, 3 and 4 are continuously slightly below the
average SLA value for August. Although most of these values are not far away from the monthly
average -less than 1 - there is a clear enough lowering tendency to consider those Landsat scenes
not completely representative of what happens in the Western sub-catchments of the Langtang
Valley during the month of August.
Table 4.5 – Mean SLA values of available August Landsat scenes for sub-catchments 1&2, 3, 4, 5
and 7. Annual and August average and standard deviation values of Mean SLA for the mentioned
sub-catchments.
Date
Sub-catchment
1&2 3 4 5 7
2002.08.08 5201 4913 5032 5122 4974
2003.08.27 5124 5138 5181 4745 4806
2004.08.29 5132 5010 4830 4515 4905
2006.08.19 5293 5393 - - 5276
2008.08.24 5219 5019 5070 4485 4910
2011.08.01 - 4769 4938 4427 -
2011.08.17 5475 5091 - 4380 -
August Avg. 5371 5258 5167 4654 4974
August   299.10 324.01 273.04 413.22 356.64
August Avg. - 1  5071 4933 4893 4240 4617
Annual Avg. 5381 5297 5115 4856 5149
Annual   381 410 310 412 379
Annual Avg. - 1  5000 4887 4805 4444 4770
Eventually, no explanation why the lower SLA peak in August exists for sub-catchments 5, 6
and 7 was found. While it is true that it is not a result of the data characteristics but an actual
drop at least in the selected images, these ones are not completely representative of the Langtang
Valley SLA behavior, reason why no conclusions can be drawn.
Median
As already mentioned before in this Section, mean and median have very similar annual dy-
namics. In fact, it is reasonable that SLA changes a↵ect mean and median the same way. Figure
4.9 exhibits monthly average Median SLA values for the sub-catchments, where these similarities
might be observed by comparing it with Figure 4.5.
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Figure 4.9 – Annual evolution of the monthly average Median SLA for each sub-catchment.
Table 4.6 – Statistics of the monthly average Median SLA for each sub-catchment.
Sub-catchment 1&2 3 4 5 6 7
Mean 5326.94 5252.11 5097.15 4799.38 4995.22 5122.57
St. Dev. 80.23 106.78 98.25 177.56 166.51 157.30
What is not so obvious, though, is the relationship their absolute values have or their sensitivity
towards the multiple factors a↵ecting SLA. In order to better visualize the relationship between
these two statistics, the di↵erence between mean and median SLA is shown in Figure 4.10. A clear
pattern of behavior -consistent across the basin and throughout the year- shows how the mean
almost always takes higher values than the median. There is a clear explanation to that behavior
and it has to do with the distribution of the snowline points (SLPs) in the elevation histogram of
each Landsat image. Normally, SLA histograms -for a single image- have one single peak, which is
closer to the lowest part of the histogram than to the highest SLA. This indicates a higher density
of SLPs at lower altitudes than the mean, and it is caused because of the existence of cues in the
higher elevation bands, as shown in Figure 4.11.
Detailed aspect quarters analysis on this point is carried out in Section 4.3.
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Figure 4.10 – Di↵erence between monthly average Mean SLA and Median SLA for each sub-
catchment.
Figure 4.11 – Snowline points (SLPs) elevation histogram corresponding to the Landsat image
from 16/04/2013 in sub-catchments 1&2.
Minimum
Based on the typical shape of SLPs elevation histogram, the presence of outliers in high elevation
bands seems quite evident. However, the lowest part of the SL is characterized by a dense presence
of SLPs with a consistent altitude, reason why the study of the minimum SLA becomes of interest
for this study. In Figure 4.12, some of those characteristics and similarities with the mean SLA
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dynamics in August -and the entire monsoon period- have already been mentioned. A sustained
minimum SLA di↵erence between sub-catchments is present, although they are not as clear as the
ones from mean SLA.
On the other hand, from January until May minimum SLA increases while mean normally
decreases; and from October until February, minimum decreases while mean SLA increases. Figure
4.13 helps in noticing such diverging behaviors, representing the di↵erence between mean and
minimum SLA.
Finally, annual average minimum SLA is exhibited in Table 4.7. Sub-catchments 1&2, in the
North-Eastern side of the valley, take an average minimum SLA 500 meters higher than sub-
catchment 5, located in the South-Western part. Almost the same di↵erence, in absolute values, is
observed for the mean SLA (Table 4.3). Mean and minimum seem to have, then the same spatial
variance throughout the Langtang Valley.
Figure 4.12 – Annual evolution of the monthly average Minimum SLA for each sub-catchment.
Table 4.7 – Statistics of the monthly average Minimum SLA for each sub-catchment.
Sub-catchment 1&2 3 4 5 6 7
Mean 4550.30 4392.22 4367.60 4040.84 4200.99 4304.40
St. Dev. 64.94 132.43 207.76 256.11 136.36 202.87
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Figure 4.13 – Di↵erence between monthly average Mean SLA and Median SLA for each sub-
catchment.
Standard deviation
Closely related to the di↵erence between mean and minimum SLA, the standard deviation
provides information about the altitude variability of the SLPs derived from a single image. Annual
evolution of the monthly average SLA standard deviation is displayed in Figure 4.14, where a similar
behavior is observed for all sub-catchments, excluding sub-catchment 5. While the rest of regions
experience a standard deviation increase during the dry season (October to March) -reaching its
maximum in February-, this is not the case for sub-catchment 5, whose SLA standard deviation
decreases during the dry season. Exactly the opposite happens during the wet season, when
monsoon takes place. Then, standard deviation is really high in sub-catchment 5 and relatively
low for the other areas.
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Figure 4.14 – Annual evolution of the monthly average SLA Standard Deviation for each sub-
catchment.
Table 4.8 – Statistics of the monthly average of SLA Standard deviation for each sub-catchment.
Sub-catchment 1&2 3 4 5 6 7
Mean 381.41 410.91 310.45 412.16 477.46 379.87
St. Dev. 61.73 77.50 72.09 67.26 80.59 82.44
4.2.3 Deviation of aspect quarters SLA with regard to the entire sub-
catchment SLA.
Going further into the analysis of annual evolution of SLA, more specific data sets are analyzed
in this sections. As previously explained in Section 3.5.2, a new division of the SLPs based on
aspect is set, sorting the SLPs into four aspect ranges: East (45-135 ), South (135-225 ), West
(225-315 ) and North (315-360 ).
Aspect quarters mean SLA
Figure 4.16 displays, for each sub-catchment, the deviation of each aspect quarter Mean SLA
with respect to the Mean SLA of the entire corresponding sub-catchment. That is, how the di↵erent
aspect ranges perform, as regards to the Mean SLA, relative to the overall behavior for the sub-
catchment. Each aspect range has a relatively di↵erentiated behavior, which happens to be quite
consistent across the Langtang Valley. Therefore, some behavioral patterns are extracted from it.
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Elevation of East-facing snowline points (SLPs) is almost always lower than the average Mean
SLA for the entire sub-catchment. This behavior is highly consistent in Eastern and Central sub-
catchments (1&2, 3, 4 and 7). On the other hand, less conclusive are the results in the Western
sub-catchments (5 and 6), for which Table 4.10 shows that the yearly mean deviation value is
slightly positive -that is, higher than the SLA for the entire sub-catchment-. However, Eastern
face in sub-catchment 6 is really unstable, holding one of the highest standard deviation values
displayed in the chart. This behavior suggests revisiting Table 4.2, which contains the average
number of SLPs derived for each aspect quarter in each sub-catchment. The number of SLPs for
sub-catchment 6 are usually lower than for the other areas, specially for North and, to a lesser
extend, East face. For this reason, results of sub-catchment 6 are not really conclusive anyway.
The same cannot be said for sub-catchment 5, for which the average number of SLPs is much
higher. Nevertheless, the importance of North face in this sub-catchment -holding more than 40%
of the sub-catchment area (Table 2.3)- might be influencing and thus lowering the overall SLA
average value -note that North face has lower-than-average SLA in sub-catchment 5-, causing East
face to be relatively higher.
To the contrary, West aspect range has an even more consistent behavior but with SLAs always
higher than the sub-catchment average. While there are few months -and few sub-catchments-
where this face is taking a negative deviation value, the mean annual deviation for each sub-
catchment (Table 4.10) is positive.
As far as South-facing SLA, three main remarks can be pointed out. First, its relative SLA in
comparison to the whole sub-catchment is rather variable. reaching positive and negative deviations
throughout the year in each sub-catchment. Second, mean annual deviation is positive in the
Northern sub-catchments -1&2, 6 and 7- and negative in Southern ones -3, 4 and 5-. Third,
it normally behaves the opposite way as North faces does -being deviated towards the opposite
direction-.
Finally, altitude of SLPs facing North aspect range is also quite unsteady and, together with
South-oriented SLA, its annual evolution suggests a seasonal analysis of the SLA variability. Un-
fortunately, North face is poorly represented in sub-catchments 6 and 7, where it accounts for less
than 10% of the area. It is extremely underrepresented in sub-catchment 6, where less than 4%
of the sub-catchment is North-oriented, and hence it was not even included in the chart. Its low
reliability becomes evident when looking at the standard deviation value in Table 4.10.
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Table 4.10 – Statistics of aspect quarters Mean SLA deviation with respect to the entire sub-
catchment Mean SLA, for each sub-catchment.
Sub-catchment Statistic
Aspect quarter
East South West North
1&2
Mean -82.79 -15.33 62.71 21.55
St. Dev. 26.36 37.29 41.57 67.48
3
Mean -69.59 4.92 40.01 1.05
St. Dev. 44.84 40.42 52.70 55.35
4
Mean -32.74 32.98 60.75 -69.92
St. Dev. 50.19 44.02 38.16 26.57
5
Mean 2.24 81.25 104.32 -39.86
St. Dev. 52.75 88.53 45.84 37.72
6
Mean 0.11 -15.69 56.77 -58.54
St. Dev. 113.08 57.05 76.75 633.72
7
Mean -43.72 -66.41 124.52 -51.64
St. Dev. 43.50 76.14 66.27 87.93
Once each aspect range has been separately analyzed, a di↵erent approach is to be taken. A
sustained di↵erence in SLA between East and West faces becomes evident. On the other hand,
South and North-facing SLAs are, while not in the same way, also correlated. For this purpose,
East-West and North-South mean SLA di↵erence are plotted in Figures 4.17 and 4.18.
Figure 4.17, where the  Elevation results from  Elevation =West SLA East SLA, shows
that West-facing SLA is practically higher than East-facing SLA everywhere in the Langtang
Valley, during the entire year. Maximum values appear in winter period and reach up to 200
meters di↵erence -excluding outliers observed in January, February and March for sub-catchments
6 and 7-. The di↵erence generally decreases down to 100 meters on average from May until October,
during the monsoon season. Sudden drop in SLA di↵erence in February might be caused by the
unpredictable nature of winter climate, whose precipitation and snowfall events lower the SLA
randomly throughout the Langtang Valley. In any case, the West-East di↵erence is still slightly
positive in February, which supports the mentioned pattern of behavior. These results suggest
di↵erent aspect ranges to be subjected to slightly di↵erent climatic conditions.
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Figure 4.17 – West-East di↵erence in monthly average Mean SLA for each sub-catchment and
month.
Table 4.11 – Statistics of the West-East di↵erence in monthly average Mean SLA for each sub-
catchment.
Sub-catchment 1&2 3 4 5 6 7
Mean 145.50 109.59 93.49 102.09 56.65 168.24
St. Dev. 62.03 72.76 55.92 73.75 156.39 100.92
The di↵erence between North and South SLA -calculated as  Elevation = NorthSLA  
SouthSLA- is shown in Figure 4.18. Due to lack of SLPs in their North face, sub-catchments 6 and
7 are disregarded in the following analysis. The disproportionate standard deviation value displayed
in Table 4.10 for North face in sub-catchment 6 illustrates its divergent and scarcely credible
behavior; also in sub-catchment 7, Northern aspect quarter is too variable to be reliable when
comparing it with the rest of sub-catchments. As far as the latter ones, Eastern sub-catchments
1&2 and 3 -on one hand- and Southern sub-catchments 4 and 5 -on the other hand- exhibit a
similar annual evolution. Although North-South SLA di↵erence in Eastern sub-catchments -1&2
and 3- ranges from negative to positive values, their behavior is not less stable -as shown by
standard deviation values in Table 4.10- than for Southern sub-catchments -4 and 5-, for which
the North-South SLA di↵erence is practically always negative. Regardless the di↵erence in the
range of values they take, all four regions exhibit a decrease of North-South SLA di↵erence in both
periods September to November and March to May. An increase in the SLA di↵erence is observed
from November to March and from May until August. As mentioned before, North and South
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aspect ranges SLA behavior suggests a seasonal analysis, since the periods identified correspond,
to some degree, with pre-monsoon, monsoon, post-monsoon and winter.
Figure 4.18 – North-South di↵erence in monthly average Mean SLA for each sub-catchment and
month.
Table 4.12 – Statistics of the North-South di↵erence in monthly average Mean SLA for each sub-
catchment.
Sub-catchment 1&2 3 4 5 6 7
Mean 36.88 -3.87 -102.90 -121.11 -42.85 14.78
St. Dev. 88.83 85.71 47.01 121.00 653.63 140.86
4.3 Results of the spatial analysis (II): Seasonal SLA vari-
ability
The existence of divergent behaviors for di↵erent seasons was, to some extent, expected and
clearly inferred from the results exposed in the previous section. Moreover, di↵erent climate regimes
have been observed within the upper Langtang Catchment. For those reasons, SLA variability was
studied at the seasonal scale.
In this section, seasonal SLA variability is regarded from two -di↵erent but complementary- per-
spectives: maintaining the sub-catchment approach and adding an aspect quarter division within
each sub-catchment. Two types of charts -plotting the same data grouped according to both
approaches- are displayed and analyzed for each season. All these figures plot mean SLA ampli-
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tude of all considered periods -SLA amplitude being understood to be the di↵erence between the
maximum and the minimum value reached by the mean snowline altitude (SLA) of the considered
Landsat scenes in a certain period-.
The methodology used to perform this analysis is described in detail in Section 3.6.2. Note
that monsoon season is not studied due to lack of Landsat scenes.
4.3.1 Pre-monsoon season
Pre-monsoon season lasts from March 1st until June 14th, when monsoon is starting. Pre-
monsoon periods considered valid for the seasonal SLA variability analysis are listed in Table 4.13.
Six periods -corresponding to di↵erent years- were selected, all of them with a similar number of
scenes resulting in ”images per month” ratios around 1.5.
Table 4.13 – Periods considered for the SLA variability analysis during pre-monsoon season.
Period Year Number of images ”Images per month” ratio
1 2005 5 1.43
2 2008 5 1.43
3 2009 6 1.71
4 2010 6 1.71
5 2012 6 1.71
6 2013 5 1.43
Figure 4.20 shows the mean SLA amplitude of the aspect ranges for each sub-catchment -
the average for the entire sub-catchment is also plotted-. It corresponds to the mentioned sub-
catchment approach.
The errors bars represent two times the standard error of the values corresponding to di↵erent
years and averaged to obtain the plotted mean value. Most values in the figure have a rather low
standard error. This is partially due to the fact that six years met the criteria and were added to
the analysis -the other periods are less well represented- but it is also consequence of the climatic
conditions generally a↵ecting this season, when the weather is more stable than, for instance, in
winter period.
Having noted that, lower amplitudes are observed towards the East side of the Langtang River
Basin. East sub-catchments (1&2 and 3) have less SLA amplitude -average values around 400-
450 meters- than West ones (5 and 6) -with values ranging from 8000 until 1200 meters-. Sub-
catchments 4 and 7 -located in the center part of the valley- evidence the transition of behavior
between both sides.
There is also a North-South gradient within the East-West gradient -regarding SLA amplitude-,
in which Northern sub-catchments have substantially higher amplitudes than the Southern ones.
Although SLA amplitude in sub-catchment 3 (South-Eastern) is only slightly lower than in 1&2
(North-Eastern), the di↵erence is evident when comparing sub-catchments 4 (South-central) and
5 (South-Western) to 7 (North-central) and 6 (North-Western) respectively. The fact that the
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Langtang Valley reaches higher latitudes in its Eastern part (see Figure 2.5) might partially explain
the lack of di↵erence between sub-catchments 1&2 and 3.
Finally, standard deviation of the SLA amplitude is rather low (Figure 4.20), due to the fact
that weather during pre-monsoon season is more or less consistent during di↵erent years (see
Figures B.1, B.2 and Tables B.2, B.2 in Appendix B).
Figure 4.20 – Mean SLA amplitudes for each sub-catchment and aspect quarter in Pre-monsoon
season. Error bars correspond to 2 times the standard error of each SLA amplitude value.
The second approach to look at pre-monsoon SLA amplitude throughout the Langtang Valley
is grouping the data into aspect quarters. This configuration is displayed in Figure 4.20, where
complementary observations are to be pointed out.
On one hand, East, South and West ranges have comparable spatial evolutions, inducing the
entire catchment to have -on average- also a similar behavior. However, the magnitude of East
range SLA amplitude values is consistently higher than in West face. To a lesser extent, there is
also a contrast between South and North aspect ranges, being the South face normally less stable
-higher amplitudes- all over the pre-monsoon season.
On the other hand, North face is behaving divergently to the others. Having excluded sub-
catchment 6 for being underrepresented (see Table 4.14), the spatial di↵erences in North aspect
quarter are minimal.
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Table 4.14 – Average number of snowline points (SLPs) from Landsat imagery added to the pre-
monsoon seasonal analysis.
Sub-catchment East South West North
1&2 1018.17 1200.88 1983.36 770.17
3 372.90 723.34 924.41 1126.45
4 464.01 378.87 624.51 472.55
5 444.68 452.34 414.84 1331.76
6 143.06 482.16 239.37 70.06
7 387.39 354.42 429.98 225.84
Figure 4.21 – Mean SLA amplitudes for aspect quarter and sub-catchment in Pre-monsoon season.
Error bars correspond to 2 times the standard error of each SLA amplitude value.
4.3.2 Post-monsoon season
Five periods happened to be valid for post-monsoon -the shortest season-, which lasts for two
months (October-November). The “images per month” ratio ranges from 1.5 to 2.5, as displayed
in Table 4.15.
Table 4.15 – Periods considered for the SLA variability analysis during post-monsoon season.
Period Year Number of images ”Images per month” ratio
1 2006 5 2.5
2 2008 3 1.5
3 2009 4 2
4 2012 3 1.5
5 2013 5 2.5
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Looking at Table 4.16, North face of sub-catchment 6 has to be -similarly as for the previous
season- excluded from the analysis for not being adequately represented -the average number of
snowline points is lower than 20-.
Table 4.16 – Average number of snowline points (SLPs) from Landsat imagery added to the post-
monsoon seasonal analysis.
Sub-catchment East South West North
1&2 1787.16 1374.84 2252.27 1470.19
3 677.27 939.62 991.07 1265.44
4 708.90 481.92 761.84 514.50
5 500.22 281.17 363.01 1150.97
6 307.21 654.51 268.33 18.02
7 447.09 336.76 636.99 115.55
Figure 4.22 evidences the fact that post-monsoon season is characterized by low SLA am-
plitudes, ranging from slightly less than 200 up to 400 meters -on average for the entire sub-
catchments-.
The East-West gradient is maintained, being the SLA amplitudes in the Western side (sub-
catchments 5 and 6) around 150 meters higher than in the East (sub-catchments 1&2 and 3).
A remarkable fact in this figure is the behavior of sub-catchment 4, exhibiting the lowest SLA
amplitude values. Comparing its behavior with its adjacent region in the North (sub-catchment
7), the hypothesis of a North-South gradient -within the same longitude range; that is East, Center
or West side of the basin- is reinforced. The same consideration pointed out in the previous Section
4.3.1 regarding the East side of the basin applies in this case.
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Figure 4.22 –Mean SLA amplitudes for aspect quarter and sub-catchment in Post-monsoon season.
Error bars correspond to 2 times the standard error of each SLA amplitude value.
Two observations are to be made about Figure 4.23 -where SLA amplitudes are grouped into
aspect quarters-. First, East and West faces behavior emphasizes the fact that there exists a
North-South amplitude di↵erence. Second, North face is, again, showing less SLA amplitude than
the other aspect ranges -especially when comparing it to its opposite range, South face-.
Figure 4.23 –Mean SLA amplitudes for aspect quarter and sub-catchment in Post-monsoon season.
Error bars correspond to 2 times the standard error of each SLA amplitude value.
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4.3.3 Winter season
As far as winter season, only four periods could be included in the study. The relative number
of Landsat images is, however, higher than for the other seasons, reaching ratios higher than 2
scenes per month on average (Table 4.17).
Table 4.17 – Periods considered for the SLA variability analysis during post-monsoon season.
Period Year Number of images ”Images per month” ratio
1 2004-2005 6 2
2 2008-2009 8 2.67
3 2009-2010 10 3.33
4 2012-2013 5 1.67
The first consequence of having less periods to average is a higher degree of irregularity with
respect to the standard error. While it is true that this statistic is already fluctuating all over
the basin -depending on the actual magnitude of the SLA amplitude values- during pre-monsoon
and post-monsoon seasons, its behavior in winter is even more unsteady. Observing Figure 4.24,
sub-catchment 1&2 exhibits extremely low standard error values whereas remarkably large values
involve sub-catchment 5 -on the opposite side of the basin with respect to sub-catchment 1&2-.
In terms of absolute value, SLA amplitudes in winter are higher than during post-monsoon
season and minor than the ones found for pre-monsoon season. On the other hand, regarding
relative spatial variation of the SLA amplitude -relative spatial variation being understood to be
the SLA amplitude di↵erence all over the basin with respect to the absolute value-, winter season
shows also higher spatial variation than post-monsoon season but very similar to pre-monsoon
period. The spatial variation analysis is detailed in the following section 4.3.4.
One more time, the spatial gradient East-West -with higher SLA amplitudes in the Western
part (sub-catchments 5 and 6) whereas lower values towards the East (sub-catchments 1&2 and
3)- seems quite obvious, and the North-South gradient for same longitude ranges is, again, less
evident but still visible in the central part of the valley (sub-catchment 4 in the South compared
to 7 in the North). The poor number of considered periods might be a partial explanation of this
less conclusive results. However, climatic inconsistency along years (see Appendix B) is, for sure,
causing results to be more confusing.
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Figure 4.24 – Mean SLA amplitudes for aspect quarter and sub-catchment in winter season. Error
bars correspond to 2 times the standard error of each SLA amplitude value.
As in the other seasons, North face in sub-catchment 6 is underrepresented and, therefore, it
is not object of analysis.
Table 4.18 – Average number of snowline points (SLPs) from Landsat imagery added to the winter
seasonal analysis.
Sub-catchment East South West North
1&2 1418.97 1327.39 2272.18 1299.60
3 526.37 797.57 1018.96 1065.90
4 581.16 473.81 690.15 510.60
5 530.10 560.75 460.93 1277.89
6 285.13 637.41 407.60 56.11
7 364.69 373.07 700.58 103.88
Figure 4.25 exhibits the behavior of di↵erent aspect ranges regarding the Mean SLA amplitude.
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Figure 4.25 – Mean SLA amplitudes for aspect quarter and sub-catchment in winter season. Error
bars correspond to 2 times the standard error of each SLA amplitude value.
4.3.4 Comparative analysis of the studied seasons
After having analyzed each season separately, the figures and tables contained this section aim
to provide some evidences of the di↵erentiated SLA amplitude behavior between seasons, as well
as the spatial variation between them. A clear di↵erence
SLA amplitude di↵erences
Figures 4.26, 4.27 and 4.28 show the di↵erences between SLA amplitudes corresponding to
di↵erent seasons.
Looking at the average values for entire sub-catchments in Figure 4.26, SLA amplitude di↵er-
ences between winter and pre-monsoon are rather stable across the Eastern (sub-catchments 1&2
and 3) and central (sub-cachments 4 and 7) parts of the valley, being the SLA amplitudes between
100 and 200 meters higher in pre-monsoon season, whereas the behavior of Western sub-catchments
(5 and 6) is really contrasting. However, sub-catchment 5 is characterized by having normally the
lowest di↵erence in SLA amplitude between both seasons while, on the other hand, sub-catchment
6 exhibits rather high distinction between seasons. In general, though, there is a low level of spa-
tial consistency throughout the valley -with regard to the di↵erences in SLA altitude between the
mentioned seasons- across aspect quarters.
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Figure 4.26 – Di↵erences between Pre-monsoon and Winter SLA amplitudes.  Amplitude =
Pre-monsoon SLA Amplitude Winter SLA Amplitude.
Winter SLA amplitude is continuously higher than post-monsoonal. A sustained di↵erence
for in each sub-catchment -ranging, in most cases, from 100 to 250 meters- might be observed in
Figure 4.27. Regarding spatial stability in di↵erent aspect ranges, it seems clear that largest values
are normally held by the North-Eastern part of the basin (sub-catchment 1&2), whereas minimal
values are usually recorded in the South-West (sub-catchment 5). Therefore, the aspect quarters
SLA amplitude di↵erences are, to some extent, correlated.
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Figure 4.27 – Di↵erences between Winter and Post-monsoon SLA amplitudes.  Amplitude =
Winter SLA Amplitude  Post-monsoon SLA Amplitude.
Finally, pre-monsoon and post-monsoon SLA amplitude di↵erences are plotted in Figure 4.28.
Note that these are not adjacent seasons and the di↵erences are, thus, expected to be potentially
larger in this case. Moreover, monsoon period -taking place in between- is characterized for being
an unexplored season with a lot of unknowns, concerning climatic conditions and snow cover
dynamics. The values observed in the figure are, indeed, greater than for the cases previously
analyzed, taking values -on average and for the entire sub-catchments- from 250 up to 400 meters.
The largest values are recorded in sub-catchment 6 -partially due to the pronounced orography
(Table 2.3) but also due to the lack of data in this sub-catchment during both seasons (Tables
4.14 and 4.16)- whereas there is not a clear region with sustained lower values for each orientation
quarter. Spatial consistency of SLA amplitude di↵erences is hence not clear in this case.
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Figure 4.28 – Di↵erences between Pre-monsoon and Post-monsoon SLA amplitudes.
 Amplitude = Pre-monsoon SLA Amplitude  Post-monsoon SLA Amplitude.
SLA amplitude spatial variation
In order to reach a more quantitative vision of the spatial consistency or variability of the SLA
amplitude in di↵erent seasons within the Langtang Valley, two indicators were considered.
First, it was important to quantify the spatial variability in absolute magnitudes and, thus,
the deviations of the SLA amplitude of each sub-catchment with respect to the average value for
the entire basin were aggregated. The cumulative SLA amplitude deviation was obtained in the
following manner:
Cumulative SLA Amp. deviation =
P7
s=1&2[(SLA Amp.)s   (SLA Amp.)avg]
(SLA Amp.)avg
(4.1)
Although the cumulative SLA amplitude deviation is a good indicator of the spatial variability,
it does not take into account the relative importance of this cumulative deviation with regard to
the average magnitude of the SLA amplitude for that season. For that reason, a second indica-
tor sensitive to the mentioned problem was included. The next equation shows how the spatial
variation coe cient (SVC) was calculated:
SVC =
Cumulative SLA Amp. deviation
(SLA Amp.)avg
(4.2)
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While absolute magnitudes are not sensitive to the relative variation, the spatial variation
coe cient (SVC) tends to exaggerate the spatial inconsistency when SLA amplitudes are rather
low. Therefore, both indicators were used to study the spatial variability of the SLA amplitude.
Table 4.19 displays the values obtained for the di↵erent seasons, looking also at each aspect
quarter. Starting with post-monsoon season, although the spatial variation coe cients (SVCs) are
higher than pre-monsoon ones, this is due to the fact that SLA amplitudes in post-monsoon are
substantially lower than in the other seasons -especially compared to pre-monsoon-, this fact caus-
ing post-monsoon SVCs values to be larger. However, when considering both indicators together,
post-monsoon happens to be a quite consistent season as far as the spatial variation throughout
the Langtang Basin, also when looking at East, South and West aspect quarters. North face is
a↵ected by the lack of data in sub-catchment 6 -being the average North SLA amplitude biased
by the extremely high value this sub-catchment takes- and it is, thus, excluded from the analysis.
Secondly, spatial variation coe cients (SVCs) in pre-monsoon season are continuously lower
than post-monsoon and winter ones, but it is in great measure due to the fact that SLA amplitudes
are higher during this period. Although the SVC provides relevant information, in this case it might
be confusing. All in all, one cannot disregard the fact that SLA amplitude spatial variation during
pre-monsoon is still higher than in post-monsoon. Nevertheless, it is true that this spatial variation
coe cient remains stable for each aspect quarter, which gives confidence to the results.
Finally, winter is the season with the highest spatial variation in the Langtang Valley. With
cumulative deviation values similar to the ones obtained in pre-monsoon, the spatial variation
coe cients (SCVs) are clearly higher than in the other seasons. Thus, results are totally conclusive
in this case. In addition, spatial variation seems to be less consistent across aspect quarters -even
excluding North face, which is as usual biased by sub-catchment 6-.
Table 4.19 – Accumulated sub-catchments SLA amplitude deviation and Spatial Variation Coe -
cient (SVC) with respect to the average value of the Langtang Valley for each season.
Season Indicators
SLA Amplitude deviation [m]
Entire catchment East South West North
Pre-monsoon
P
Dev. 951.61 1108.40 1085.44 946.84 1078.71
SVC 1.38 1.22 1.19 1.25 1.33
Post-monsoon
P
Dev. 479.92 568.20 630.35 617.31 1527.07
SVC 1.54 1.55 1.59 1.74 3.62
Winter
P
Dev. 907.32 1055.41 1190.39 1114.71 1656.83
SVC 1.78 2.05 1.75 1.94 2.91
A final remark has to be made about the fact of almost always excluding but still considering and
plotting the North face of sub-catchment 6, usually underrepresented. Although the information
available -the few number of snow line points determined- for the mentioned aspect quarter and
sub-catchment is, in most cases, not reliable, the alternative to what has been done was to omit
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that information and to not include it in the analysis. By doing that, the results -and specifically
some statistics and indicators (mean value for the sub-catchment, standard deviations or spatial
variation coe cients)- do not reflect the reality in higher degree. In fact, the probability of incurring
in errors is more elevated since it is easier, then, to accept the results -expected to be more stable-.
Anyway, the results concerning North aspect range sub-catchment 6 are to be treated with careful
attention to their reliability.
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Chapter 5
Discussion
As formerly discussed in Chapter 1, the methodology followed in this study to extract the SL
at the point scale from remotely sensed Landsat images does not have clear precedent in a previous
study, but it is a slightly new approach -with evident a nities to similar methods- to the study of
SL dynamics. In any case, none of the studies which were found to have analogies with the one
proposed in this thesis correspond to the Langtang Valley. After using Landsat imagery for the
current study, usefulness of Landsat when mapping and monitoring the SL is briefly discussed in
this chapter.
Due to diverse reasons -lack of resources and low accessibility of the region among others-, there
is not a continuous and enough exhaustive register -of any kind- of the snowline altitude (SLA)
annual evolution in the Langtang Valley. Despite that fact, there exist few studies that include
SL measurements in certain sectors of the valley. Leaving aside single and isolated observations
that doesn’t have a continuity over time, a daily register of the SLA based on visual observations
was recorded in the South-western sector of the upper Langtang Valley from July 1985 to June
1986 [Morinaga et al. 1987]. Although the very low scope of the observations, partial validation of
the methodology is achieved by comparing the results obtained in this study with the mentioned
register.
After validating -as far as possible- the methodology, a discussion on the generalized and main
topics arisen in the Results chapter (Chapter 4) is carried out. Recalling and briefly summarizing
the principal conclusions achieved, three di↵erentiated points are found. These are:
— the spatial variability of the SLA within the Langtang Valley;
— the e↵ect of aspect as an influencing parameter to the SLA;
— and the inter-seasonal evolution of the SLA amplitude variability.
Understanding this chapter as a continuation of the previous one, the main di↵erence between
them lies on the fact that observations stated in Chapter 4 are taken one step further, trying to
provide feasible explanations to those behavioral patterns shown to be persistent.
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The last purpose of this chapter is not to provide a single or definitive argument that unequiv-
ocally explains the observed behaviors, but to shed light into a topic that has been barely studied
-due to its technical complexity- until recent times. Consequently, di↵erent possible explanations
regarding the patterns previously observed are exposed and discussed in this chapter.
Eventually, potential uses -alternative or complementary to this study- of the SL extracted data
sets are proposed.
5.1 Usefulness of Landsat imagery for the study of the snow-
line dynamics
As previously mentioned in Chapter 3, Landsat imagery has a high spatial resolution -50 m-
but a low temporal resolution -the return period is equal or higher than 16 days-. Depending
on the season, image quality and therefore also image availability might drastically reduce due to
cloud cover.
The study of the SL requires high spatial resolution, and that is the reason why Landsat imagery
becomes a powerful tool when mapping the SL. On the other hand, the SL is greatly a↵ected by
cloud cover -much more than the snow cover fraction (SCF)- and considering low quality images
-with big portion of cloud covering- may lead to interpretation errors. Therefore, high quality of
the scenes is also required, reducing significantly the amount of images valid for this type of study.
With a rather modest number of scenes, there are basically two strategies to follow.
The first methodology is the one used in this study, consisting on a statistical analysis of the
output obtained from the Landsat imagery. By doing this, a high-resolution temporal study of the
SL is not possible, but a seasonal or inter-annual trend analysis might be achieved.
Secondly, there is another way of using the Landsat data, and that way is combining it with
other sources of data -such as other satellites imagery, meteorological data and SL or SCF visual
observations-. Landsat images provide an good source of reliability -due to the high level of detail
they achieve-, and it could be used to validate results obtained with another source of data. For
instance, validating daily MODIS scenes -which could derive the SCF and indirectly the SL- with
Landsat data is an approach to be considered.
In conclusion, Landsat data is at the moment an indispensable resource to be used when
studying the SL and its dynamics. However, it often requires other sources of data in order to
complement the analysis.
5.2 Partial validation of the methodology
Morinaga et al. [1987] studied the seasonal variation of SLA in the Langtang Valley for the
whole year, from July 1985 to June 1986, based upon the photograph observations. Pictures from
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the surrounding landscape were taken from the Base House (BH), 3920 m. Two reference slopes
(North and South facing) were selected for the study. Figure 5.1 shows a map of the zone, with
the BH and the slopes.
Figure 5.1 – Location of the observation site (Base House). 1: North-facing slope. 2: South-facing
slope [Morinaga et al. 1987].
The location of the BH corresponds to the study region sub-catchment 5 (South-West side
of the valley). Sub-catchment 5 might be divided into two main sides. Northern side of the sub-
catchment is almost entirely South-facing whereas Southern side of the sub-catchment is dominated
by North-facing slopes (Figure 5.2). It is thus reasonable to compare South and North facing SLAs
extracted from Landsat imagery to the SLA in the slopes observed in the study. Monthly average
annual evolution of mean, minimum and standard deviation statistics of North and South SLAs
in sub-catchment 5 are compared to the SLAs reported by Morinaga et al. [1987].
Figure 5.4 shows the annual evolution of the SLAs in North and South-facing slopes observed
by Morinaga et al. [1987] and the daily precipitation and temperature. When SLA is lower than
the BH at 3920 m, circles are plotted in the line of the chart. To the contrary, when they are
higher than the peaks (4957 m for North-facing slope; 4986 m for South-facing slope), circles are
plotted in the upper line of the figure. Significant information gaps are observed in August and
February.
On the other hand, monthly average annual evolution of North and South-facing mean SLAs
are plotted in Figure 5.3. The figure also contains the minimum SLAs, since visual observations
from a lower point (BH) might be mainly showing the behavior of the lower part of the SL. Detailed
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Figure 5.2 – Aspect distribution in sub-catchment 5.
figures including annual evolution of standard deviation in both faces are shown in the Appendix
A (Figures A.1 and A.2).
Four main periods -with great correspondence to the four-season division to the seasons defined
by Immerzeel et al. [2014], Shiraiwa et al. [1992]- are identified in Figure 5.4 and, to a lesser extent,
in Figure 5.3.
Monsoon season (June to August) observations are higher than the peaks in both slopes and
thus plotted on the upper line. To the contrary, SLA was observed at lower altitudes than the
BH (3920 m) during winter season (December to February). During these periods, North-South
SLA di↵erence cannot be observed (Figure 5.4). The same periods in Figure 5.3 are shown to have
slightly higher SLAs in North-facing than in South-facing slopes. This might be attributed to lack
of data during monsoon period and important snowfalls during winter. For this reason, monsoon
and winter season are not really helpful for validating the Landsat extracted data.
Morinaga et al. [1987] observations for late monsoon (September) and post-monsoon season
(October-November) show a remarkably consistent di↵erence between South and North SLAs.
The same applies for the pre-monsoon season (March to May), excluding March, where SLA in the
South-facing slope is below the BH probably due to observed frequent precipitation events until the
beginning of April. While the SLAs recorded for both slopes during post-monsoon season -where
no precipitation events are listed- are very similar to the mean SLAs in Figure 5.3, pre-monsoon
season shows less SLA in Figure 5.4 than in mean SLAs in Figure 5.3, being closer to the minimum
SLAs. In both cases, though, the dynamics followed by SLA coincide.
Regardless absolute values, the di↵erence between North and South-facing SLAs obtained dur-
ing the year 1985-1986 and the analog mean values for the period 1999-2013 (Figure 5.5) are
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comparable for pre-monsoon and post-monsoon periods, when precipitation is dominating over all
other factors. On the other hand, winter and monsoon periods are more a↵ected by precipitation
events, which hide the SLA di↵erences. Besides, lack of data in monsoon and SLA values lower
than BH in winter make those periods less suitable for the comparison. As far as pre-monsoon
and post-monsoon, the magnitude of North-South SLA di↵erences is similar for both data-sets
(compare Figures 5.4 and 5.5).
Concluding, results have been partially validated with an incomplete and really localized but
reliable source of data, which proves the method used to extract the SL from Landsat scenes is
valid and leads to consistent results.
Figure 5.3 – Monthly average annual evolution of North and South-facing SLAs in sub-catchment
5. Mean and minimum statistics represented.
5.3 Spatial variability of the SLA in the upper Langtang
Valley
The upper Langtang Valley is known to be a rather small region a↵ected by climate spatial
and altitude variability [Pellicciotti et al. 2014]. Previous studies have recorded and concluded the
existence of precipitation and temperature gradients throughout the catchment [Shiraiwa et al.
1992, Immerzeel et al. 2014]. Since snowline altitude (SLA) is greatly influenced by precipitation
and air temperature, spatial variability of these factors is also expected to have a significant e↵ect on
SLA [Morinaga et al. 1987]. While much has been concluded about precipitation and temperature
dependence on altitude [Shiraiwa et al. 1992, Immerzeel et al. 2014], significant knowledge gaps
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Figure 5.4 – SLA observations from July 1985 to June 1986 from the Base House (3920 m) in the
Langtang Valley [Morinaga, 1992].
are still to be revealed of the spatial variation of climate and its e↵ect on the snowline. This study
has focused on exploring spatial -latitude and longitude- variability of the SLA.
Two di↵erent methodologies were used to study the SLA dynamics. Monthly average values
were computed to look at annual evolution of the snowline in di↵erent sub-catchments, whereas
seasonal SLA variability was analyzed by selecting only those years with more image availability for
a certain season. Although both methodologies were meant to study di↵erent phenomena, results
from both analysis reveal the existence of strong spatial variability of the SLA within the upper
Langtang River Basin. Two patterns are observed in the results.
According to Shiraiwa et al. [1992], North-eastern side of the catchment received less precipita-
tion than downstream in the South-western part of the catchment. Not only this has been observed,
but two di↵erentiated and complementary SLA spatial gradients suggest the confirmation of that
hypothesis.
First, longitudinal changes in the catchment are regarded. As far as the sub-catchments position
in the basin, three longitudinal ranges can be identified. Sub-catchments 1&2 and 3 are located
in the East side of the Valley; sub-catchments 4 and 7 in the central part; and the West side
is occupied by sub-catchment 5 and 6. Results in Chapter 4 show persistent di↵erences in SLA
between sub-catchments that last for the entire year. In this figures, SLA in the Eastern side
is always higher than SLA in the Central side. At the same time, SLA in the Central part of
the catchment is generally higher than in the Western side. It is thus evident the existence of a
West-East positive spatial gradient on the SLA. Given the correlation between the ELA and the
SLA -SLA is often used as a proxy for ELA-, these results coincide with previous observations by
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Figure 5.5 – Monthly average annual evolution of North-South SLA di↵erence in sub-catchment 5.
Benxing et al. [1984], where ELA is reported to decrease from North-East to the Western part of
the valley.
Secondly, the latitudinal changes of the SLA were analyzed. Retaking the longitudinal catego-
rization of the sub-catchments, each longitude range contains two sub-catchments, being always
one clearly above the other. This way, sub-catchments 1&2 (East), 7 (Central), and 6 (West)
are placed in the Northern side of the valley, whereas sub-catchments 3 (East), 4 (Central) and 5
(West) are located below in the Southern side. Figures from Chapter 3 (previously listed) show
the sustained SLA di↵erences between sub-catchments in the same longitudinal range (East, Cen-
tral, West), evidencing the existence of a South-North positive SLA, being this vertical gradient
subjected to the East-West gradient stated before.
In conclusion, two SLA spatial gradients are clearly reported in this study. Previous studies
had noted the existence of precipitation and SLA gradients from North-East to western parts of the
upper Langtang Catchment, but the description of the spatial variability was coarse. Remotely
sensed mapping of the SL allows this study to shed light into the topic. Although there are
no explicit evidences proving it, given the big influence precipitation has on SLA, precipitation
positive gradients from North to South and East to West are hypothesized. The sub-catchment
based division -being each sub-catchment enclosed by mountainous topography- complemented
with the extreme topography of the upper Langtang Valley support the hypothesis of orography
acting as a natural barrier for stratus and moisture, as reported in Shiraiwa et al. [1992].
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5.4 E↵ect of aspect in the SLA
Aspect influence into snow cover (SC) dynamics has been stated by several studies [Jain et al.
2008, Rowland and Moore 1992, Murray and Buttle 2003, Jost et al. 2007, Hendrick et al. 1971,
Berndt 1965, Golding and Swanson 1986, D’Eon 2004, Varhola et al. 2010, among others]. The
e↵ect of aspect on snow accumulation and ablation is principally a function of exposure to solar
radiation. In the northern hemisphere, more snow is expected to accumulate on North-facing
slopes, due to reduced melting and sublimation rates during the accumulation period [Golding and
Swanson 1986]. Unlike elevation, aspect is shown to have a similar e↵ect from year to year [Jost
et al. 2007]. Due to the direct e↵ect of snow cover fraction (SCF) into the SLA, aspect is thus
expected to have a substantial influence on SLA. The results from this study confirm the e↵ect of
aspect into SLA and two main patterns are observed.
In first place, West-facing SLA is observed to be sustainedly higher than East-facing SLA. This
West-East (W-E) SLA di↵erence is generalized throughout the entire catchment and it ranges
principally from 0 to slightly more than 200 m, excluding outliers. The maximum di↵erences are
recorded in winter (up to 200 m) whereas these generally decrease afterwards, reaching its minimum
during monsoon (down to 100 m). The SL retreat during pre-monsoon might explain the drop in
W-E SLA di↵erence. As far as the spatial di↵erences, the East side of the basin shows more higher
and more consistent W-E SLA di↵erences. Since the Eastern part of the catchment is less exposed
to precipitation events, this might be an indicator of important and prevalent e↵ect precipitation
has into SLA. Future research should look into the mentioned West-East SLA di↵erence in greater
detail and the factors influencing it.
The second pattern regards the di↵erence between North and South-facing SLAs. While South
SLA is generally higher than Northern in the Western side of the valley, alternated dominance
is observed in the Eastern sub-catchments, being North-facing SLA slightly higher during winter
and monsoon seasons. However, South SLA turns to be substantially higher than North SLA
during pre-monsoon and post-monsoon seasons, where climatic conditions are not characterized by
precipitation events. Regardless the di↵erence in the range of values, the same applies for Western
sub-catchment, where the South SLA is higher than North SLA during the entire year but specially
during pre-monsoon and post-monsoon seasons. Lower N-S SLA di↵erences -or even North SLA
being higher than South SLA- might be attributed to the e↵ect of precipitation, prevailing over
any other condition during monsoon and winter.
It can be suggested from both patterns that slopes with di↵erent orientation might be subjected
to slightly di↵erent climatic conditions. These results are thus in the same direction of those
previously obtained by Shiraiwa et al. [1992], who concluded that South and North-facing slopes
in the Western reaches of the catchment could be exposed to distinct moisture conditions due to
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wind e↵ects. On the other hand, the less amount of radiation received by North-facing slopes
[Golding and Swanson 1986] is clearly observed in the results. Further research on the e↵ect
of aspect into SLA should be done with special regard into possible di↵erences in the climatic
dynamics a↵ecting di↵erent slopes.
5.5 Inter-seasonal evolution of the SLA variability
As previously discussed in Chapter 2, seasonal variability of climate suggested the division of
the year in four di↵erentiated seasons [Immerzeel et al. 2014, Shiraiwa et al. 1992]. Precipitation
patterns and mechanisms are known to be substantially di↵erent between distinct seasons [Seko
1987, Immerzeel et al. 2014]. And not only this, but also the spatial variability of climatic conditions
-temperature, precipitation or wind- has shown to behave di↵erently between seasons. The snowline
altitude (SLA) is a good indicator of the climatic conditions and therefore its annual evolution gives
credit, in great manner, of the weather in di↵erent seasons. Two main points have been analyzed:
the seasonal altitude changes of the SL and its inter-annual variability; and the spatial variability
of the SLA amplitude -maximal SLA change- within each season for the upper Langtang Valley.
Monsoon period is excluded due to lack of data.
Pre-monsoon season is characterized by showing the highest SLA amplitudes, ranging from 400
to 1200 m approximately. Such SLA changes from March to mid-June coincide with a sustained
increase in temperatures and less precipitation events in the form of snow [Shiraiwa et al. 1992].
A strong relationship between climatic factors and SLA changes in this season is therefore sug-
gested. The fact that pre-monsoon is the largest season -three months and a half- also explains
the magnitude of SLA amplitude. A constant retreating of the SL, due to ablation and melting
processed during pre-monsoon season is hypothesized. Low values regarding inter-annual variabil-
ity of SLA amplitude -represented by standard error- are found. The size of the sample -number
of years considered for the analysis is higher than in the other seasons- has certainly a reducing
e↵ect on the inter-annual variability. Although the change from winter to pre-monsoon might vary
quite a lot from year to year [Morinaga et al. 1987], the climatic conditions in pre-monsoon are
relatively consistent from one year to the next, and this fact is also expected to contribute on the
low inter-annual variability.
On the other hand, rather low SLA amplitudes are recorded during post-monsoon season
(October-November). Climate during this season is characterized by fine weather, with constant
decrease of air temperature and almost no precipitation events [Immerzeel et al. 2014, Shiraiwa
et al. 1992]. Excluding outliers, altitude changes range from 200 up to 600 m, which confirms
that lack of precipitation contributes to the stability of SLA during post-monsoon. Air temper-
ature has a dominant e↵ect during this season, but it seems clear that big and relatively sudden
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changes in SLA are never induced by air temperature. Although inter-annual climate variability
is known to be low in post-monsoon season, the fact that SLA is greatly a↵ected by precipitation
causes SLA amplitude inter-annual variability to be extremely sensitive to the presence of precip-
itation events -specially in the solid form-. Besides, less periods are included into the analysis of
post-monsoon period. Both facts might provide an explanation to the rather high inter-annual
variability post-monsoon period shows.
Finally, winter season (December to February) is characterized by the annual lowest air tem-
peratures and the presence of extreme precipitation events in the form of snowfall, with a high
degree of inter-annual instability [Seko and Takahashjl 1991]. Most SLA amplitude values in win-
ter range from 300 to 850 m, with some outliers reaching more than 1000 m. The e↵ect of strong
precipitation events, in comparison to post-monsoon season, is evident. However, the remarkable
point is the fact that high inter-annual variability of winter climate seems to be a↵ecting in a com-
pletely di↵erent way the SLA dynamics of sub-catchments. This suggests a comparison between
the spatial variability of the di↵erent seasons.
Longitudinal (East-West) and latitudinal (South-North) positive SLA amplitude gradients are
evident in the results obtained for each season. Although their magnitude -of the spatial gradients-
is not constant throughout the year, higher SLA amplitudes are generally recorded in the Western
and Southern parts of the valley in comparison to East and North sides, respectively. This sup-
ports the hypothesis of less precipitation towards the North-eastern part of the catchment, since
precipitation events are suggested to have an important influence in SLA. Moreover, less inter-
annual variability is observed in the Eastern sub-catchments whereas it progressively increases
when moving towards the West side. SLA spatial variability is thus regulated by similar dynamics
throughout the year, excluding monsoon season.
The magnitude of this variability is however not constant from one season to another. Based
on two indicators -the cumulative SLA amplitude deviation (
P
Dev.) and the spatial variation
coe cient (SVC)- spatial variability was quantified for each season. While results are conclusive
for post-monsoon season, more discussion is required for pre-monsoon and winter seasons.
The
P
Dev. values for the entire catchment are similar in winter and pre-monsoon. To the
contrary, post-monsoon is characterized by much less
P
Dev.. Post-monsoon is thus the season
when spatial variability is less important, in absolute values. Although the SCV is shown to be
higher in post-monsoon than in pre-monsoon, such a big di↵erence in
P
Dev. prevails. Moreover,
pre-monsoon SLA amplitudes are usually from 300 to 550 m higher than post-monsoon SLA
amplitudes and therefore the SCV is less sensitive to changes between sub-catchments -that is,P
Dev.- in pre-monsoon. As previously stated, winter and pre-monsoon
P
Dev. values are similar.
SCV is equally sensitive for both seasons in this case. Winter shows clearly higher SCV than pre-
monsoon season, for the entire catchment and also for each aspect quarter. It is thus evident that
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spatial variation is higher in winter than in pre-monsoon. Indeed, this supports the precipitation
seasonal patterns recorded in previous studies [Immerzeel et al. 2014, Seko and Takahashjl 1991].
In conclusion, the results of this study suggest the existence of clear inter-seasonal SLA dy-
namics, supported by the seasonal distinct climatic conditions. Ablation caused by air temper-
ature increase results in SLA retreat during pre-monsoon -particularly from April to mid-June-.
After monsoon season, from which further research is encouraged, SLA keeps retreating during
post-monsoon season but in a lower rate. Nice weather during this season contributes to spatial
stability in the entire catchment during post-monsoon. Finally, strong precipitation events and
low temperatures in winter drop the SLA down, particularly in the western and central parts of
the upper Langtang Valley, being the North-East side less a↵ected by winter precipitation.
5.6 Potential uses of the SL extracted data sets
Some of the attributes defined for the SL features at the point scale are not analyzed in this
study. This is the case for attributes like clear-sly short-wave radiation and clear-sky factor -from
which actual incoming short-wave radiation might be obtained-, slope or the spatial coordinates
-x and y-. Although some of these parameters were not even expected to be used, one of the
purposes of this thesis was to assess the potential of Landsat imagery for the study of the SL
dynamics. Having already discussed the aptness of Landsat scenes for the mentioned purpose,
three alternative and complementary uses of the extracted SL datasets are briefly introduced as
follows:
Categorization of slope and its influence on SLA
This study has treated aspect as a qualitative or dummy variable. The same could be done
with slope, dividing the entire range of observed slope values into few categories. A correlation
analysis between SL slope and elevation was attempted in this study, but results did not show to
be conclusive. However, an evident relation between both parameters was observed. One of the
issues that arose was the di culty of setting a constant threshold. The use of the median SL slope
of each Landsat image -that is, a di↵erent value for each image- as a threshold might be considered
for future studies.
Regional study of cloud cover and radiation to assess spatial variability
Spatial variability of climate within the upper Langtang Catchment needs to be studied in
greater detail. A simple and e↵ective way to confirm the hypothesis suggested in this thesis and
also in previous observations [Immerzeel et al. 2014, Shiraiwa et al. 1992] is to study the presence
of cloud cover and magnitude of incoming short-wave radiation at a regional or sub-catchment
scale. Including aspect quarters division might be also worthwhile, since results in this study
CHAPTER 5. DISCUSSION 78
suggest slightly distinct climate conditions a↵ecting di↵erent aspect ranges. The obtained results
are expected to be quite promising.
While short-wave radiation and aspect are already included in the data-sets, regional cloud
cover is to be easily extracted from Landsat imagery.
SL patterns at di↵erent elevation bands
Finally, the study of the SL attributes -such as slope or aspect- at di↵erent elevation bands is
also possible using the SL data-sets. Distinct slope distributions are expected to appear at di↵erent
elevation ranges, and also within the same elevation range but di↵erent aspect quarters. This type
of analysis requires less number of scenes to be analyzed for the study to be feasible, since the level
of detail is higher. However, the quality of the images -regarding cloud cover and deep shadow- is
expected to a↵ect the results in greater measure. More selective quality criteria would thus result
in less number of considered Landsat images.
Chapter 6
Conclusions
As previously stated, the Himalayas play a crucial role in supplying water to Asian population,
whose water demand is expected to steeply increase in the following years. Among many other
uses, remote sensed data has enormously contributed to map and track natural resources at the
global scale, and thus also water. However, much research is still needed to enhance the usage
of satellite imagery for those purposes. The ultimate goal of this work is to modestly contribute
and to shed light on Landsat remote sensed data suitability for the study of water behavior in the
Himalayas.
In particular, and recalling from Section 1.1, the research objectives stated at the starting point
of this study were: assessing the potential use and reliability of Landsat TM, ETM+ imagery for
the study of SL dynamics; estimating the seasonal and annual evolutions of the SLA and their
inter-annual variability; studying the e↵ect of aspect in the SLA; assessing the spatial variation of
climate in the upper Langtang Valley using the SLA as an indicator, and the e↵ect of climate in
the SLA; and last but not least, building a database with the extracted SL data-sets to be used in
further research.
The structure and logic of this thesis is intended to respond in the best manner to the above
mentioned research questions. Main conclusions achieved during this work are stated in this
chapter, where also some recommendations for further research are included.
Landsat TM and ETM+ imagery is a powerful instrument to study the SL. Due to
both low temporal resolution and high sensitivity to cloud cover, Landsat TM and ETM+ data
alone cannot be used to obtain the mean SLA of a rather small region -the upper Langtang Valley-
for specific dates -when Landsat images are available. However, results of this study also show
that Landsat data is an indispensable instrument to achieve that goal. Images with good quality
are a reliable source of truth with regards to the SLA, and can potentially serve to validate results
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of more frequent but less reliable data sources -daily climate data or MODIS daily imagery. On
the other hand, Landsat imagery might also be used standalone in statistically based studies. It
is the case of this thesis, where seasonal and annual studies of the SLA are carried out.
SLA variability in the upper Langtang River Basin is characterized by the existence
of two strong spatial gradients. Western reaches of the valley have a higher SLA than Eastern
ones and, to a lesser degree but also in a consistent way, SLA decreases from the North towards
the South in the valley. This behavior reinforces the hypothesis of precipitation gradients within
the Langtang Valley. In particular, North-South and East-West positive precipitation gradients
can be inferred from the above mentioned SLA behavior.
Aspect has a remarkable e↵ect on the SLA, specially relevant during meteoro-
logically stable periods with low precipitation. Consistent behavior reveals that SLA in
Western faces is higher than in Eastern ones. Di↵erent amount of radiation received by North and
South-facing slopes is clearly transformed in SLA di↵erences during dry seasons, while the e↵ect
of precipitation hides this e↵ect during monsoon and winter. Further research should address this
topic, with special focus on the e↵ect of climate local variations potentially leading to these slightly
di↵erent behaviors.
Inter-seasonal evolution of SLA is greatly a↵ected by seasonal variation climate
conditions. Stability of the SLA is highly dependent on the amount of precipitation -and on
other climate factors to a lesser extent- occurring within each season. Air temperature increase
during pre-monsoon season leads to ablation, which thus results in SLA retreat. Post-monsoon
season -the driest season- is also characterized by ablation, in a lower rate. Eventually, strong
precipitation events and low temperatures during winter season result in SLA drop. However,
not only seasonal but also spatial variation of the climate within the valley a↵ects the SLA. This
way, reaches of the valley with less precipitation are less sensitive to the above mentioned seasonal
variations, and the opposite occurs in those parts where precipitation events are more likely to
happen. The great degree of sensitivity SLA shows to have to climate evidences the fact that SLA
is potentially a good indirect indicator of climatic conditions.
Alternative and complementary studies might be carried out using the SL data sets
extracted from Landsat imagery. Other uses of the database are possible, such as: looking at
the influence of slope in the SLA, categorizing the slope into di↵erent ranges; regionally studying
cloud cover and radiation to assess climate spatial variability; or treating elevation as a dummy
variable and looking at the SL patterns at di↵erent elevation bands, among other uses.
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Outlook and recommendations
The relationship between climatic conditions and the snowline -altitude- has been clearly proven
in this thesis. In particular, a double statement can be inferred: the SL is greatly a↵ected by climate
-being precipitation events the dominant factor- and thus, at the same time, the SL becomes a great
indicator of climatic conditions. Future studies should look into this relationship and, eventually,
try to quantify the e↵ect of main factors influencing SL dynamics.
In line with the previous point, wind and avalanching are expected to have a great influence
on SL dynamics. Therefore, these phenomena should be taken into consideration for any furhter
study looking at SLA changes in the short term. Combined use of Landsat selected scenes and
climate data -regarding wind and avalanches- for a short-period of time might be a good approach.
Results before presented strongly suggest a great climate variability within the Langtang Valley.
Working in this line, further research is encouraged on the analysis of cloud cover in di↵erent sub-
regions of the Langtang Valley, since it is a direct indicator of precipitation. Cloud cover data
is easily extracted from the Landsat imagery, and results from such a study are expected to be
promising.
In great measure, this work was intended to assess the reliability and suitability of Landsat
data for the study of the SL. Mapping of the SL at the daily scale could potentially be achieved
complementary using Landsat TM, ETM+ and MODIS imagery. Landsat scenes should be used
as a validation method for daily results obtained with MODIS product.
Finally, further research could be devoted to the e↵ect of aspect in the SLA, particularly during
periods of low precipitation. Interactions between aspect and climate could be relevant for a better
understanding of climate dynamics within the Langtang Valley, which has turned to be one of the
main findings of this work.
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Figure A.1 – Monthly average annual evolution of North facing SLAs in sub-catchment 5. Mean,
minimum and standard deviation statistics represented.
Figure A.2 – Monthly average annual evolution of South facing SLAs in sub-catchment 5. Mean,
minimum and standard deviation statistics represented.
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Table A.1 – SLA amplitude values -for each aspect quarter within each sub-catchment- of the
periods included in the winter seasonal analysis.
Period Sub-catchment
SLA Amplitude [m]
Entire catchment East South West North
1
1&2 385.40 408.57 547.75 472.24 222.24
3 578.48 604.87 610.50 863.38 416.90
4 657.71 579.52 1199.85 446.87 591.48
5 1123.21 1046.45 1413.40 1158.05 943.56
6 998.56 1019.45 846.31 1215.15 1304.37
7 795.93 970.90 1105.22 605.70 964.42
2
1&2 217.75 325.50 378.25 274.48 113.68
3 222.66 214.13 195.03 282.04 202.30
4 66.49 92.03 71.91 39.44 78.46
5 175.70 205.38 188.30 224.49 184.49
6 164.79 830.21 184.58 262.98 589.06
7 274.98 272.77 329.44 307.61 155.45
3
1&2 262.77 445.31 483.92 352.85 110.85
3 438.37 285.18 580.25 712.99 351.63
4 401.82 356.04 718.04 362.72 435.56
5 667.96 462.00 1114.04 703.00 632.86
6 696.95 736.87 567.91 831.67 1212.79
7 412.86 427.39 884.96 515.32 832.35
4
1&2 260.91 441.19 426.46 419.84 89.42
3 338.71 229.48 428.62 497.98 335.05
4 488.26 102.36 1058.75 392.39 572.21
5 1129.07 1217.42 1382.81 1274.34 761.62
6 773.00 705.97 545.07 1094.70 1417.03
7 735.57 359.81 1089.50 472.46 1149.11
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Table A.2 – SLA amplitude values -for each aspect quarter within each sub-catchment- of the
periods included in the pre-monsoon seasonal analysis.
Period Sub-catchment
SLA Amplitude [m]
Entire catchment East South West North
1
1&2 497.78 1315.61 1096.72 352.23 914.72
3 724.14 1992.03 688.64 851.04 833.05
4 445.30 681.54 1520.49 456.94 462.00
5 346.77 1482.79 1864.82 681.77 391.09
6 1826.83 2377.67 2030.42 1488.11 2312.40
7 677.53 2068.38 2038.34 939.54 568.85
2
1&2 594.18 406.85 547.72 874.09 841.37
3 659.56 565.75 801.07 762.74 562.34
4 469.78 272.51 538.02 682.26 660.50
5 497.12 398.08 715.83 699.54 505.01
6 900.83 1229.43 945.47 916.30 671.17
7 462.03 289.72 437.85 612.43 527.28
3
1&2 597.55 867.20 808.67 500.43 752.07
3 819.56 680.13 888.86 1149.05 679.53
4 675.01 707.22 773.84 718.66 732.57
5 749.54 627.58 932.07 935.09 775.94
6 1049.48 1453.36 926.57 1213.65 1420.09
7 989.51 708.45 1034.73 926.55 987.42
4
1&2 380.04 723.10 810.33 344.46 563.35
3 486.43 1060.83 362.91 603.24 586.44
4 395.97 465.93 578.22 477.55 521.11
5 438.67 1036.12 700.27 421.95 490.50
6 1247.87 1273.07 1130.98 1148.66 1807.53
7 564.12 1242.95 810.13 467.62 838.23
5
1&2 504.55 645.95 488.13 628.71 678.83
3 311.97 734.03 998.81 691.05 731.15
4 881.71 613.89 969.61 750.23 1004.85
5 1072.28 852.88 1282.92 1176.31 1126.34
6 1189.69 1128.12 1175.23 1456.74 1202.65
7 1095.51 1022.02 1044.11 1262.41 948.33
6
1&2 366.33 446.30 297.32 253.33 699.76
3 174.30 307.02 349.37 270.29 456.99
4 663.76 483.79 629.48 416.03 981.63
5 920.02 1217.82 1465.48 885.81 675.36
6 566.14 622.20 502.26 846.28 700.94
7 548.85 589.47 623.38 384.61 660.52
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Table A.3 – SLA amplitude values -for each aspect quarter within each sub-catchment- of the
periods included in the pre-monsoon seasonal analysis.
Period Sub-catchment
SLA Amplitude [m]
Entire catchment East South West North
1&2
1&2 180.59 153.80 825.28 266.38 153.21
3 192.69 446.84 402.39 264.74 182.16
4 556.79 736.48 1026.97 97.85 601.93
5 902.02 693.05 1266.97 946.97 835.84
6 798.20 815.46 641.97 1024.49 1537.71
7 640.65 882.97 1155.70 517.05 646.19
3
1&2 118.28 164.71 75.98 147.03 55.67
3 181.66 170.97 171.28 217.54 234.09
4 87.93 71.20 117.16 75.77 77.57
5 119.00 71.21 120.95 214.73 82.88
6 69.36 74.03 94.14 135.43 623.43
7 64.38 79.08 101.01 22.89 130.51
4
1&2 699.65 622.61 733.96 820.31 624.40
3 567.08 809.89 337.27 995.02 370.87
4 164.79 102.63 115.57 365.14 156.60
5 634.09 758.75 1211.93 784.11 427.79
6 766.70 1436.23 467.29 887.63 1830.15
7 985.56 935.10 935.10 767.27 1252.30
5
1&2 64.47 44.07 90.47 100.34 60.02
3 128.35 81.02 88.70 246.34 86.02
4 19.47 17.18 22.27 33.50 3.34
5 56.21 110.15 66.36 162.55 26.73
6 96.92 107.87 70.18 120.48 694.97
7 41.74 85.11 54.09 19.44 2.73
6
1&2 163.89 193.82 205.74 191.91 237.97
3 248.47 255.75 392.05 398.63 203.98
4 114.79 225.93 234.20 35.28 137.55
5 106.65 172.87 194.18 149.08 55.53
6 265.84 415.89 243.73 316.04 858.71
7 341.18 250.48 435.82 317.09 456.89
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Table A.4 – Statistics (mean and standard deviation) of the SLA Amplitudes periods included in
pre-monsoon seasonal analysis.
Sub-catchments Statistics
SLA Amplitude [m]
Entire catchment East South West North
1&2
Mean 475.13 774.02 664.88 451.31 714.59
  32.54 111.16 108.77 59.11 43.17
3
Mean 471.39 918.01 714.56 709.29 669.72
  94.93 215.48 111.76 107.77 49.02
4
Mean 657.24 594.38 906.88 594.94 784.50
  77.16 37.20 127.70 59.72 93.10
5
Mean 766.59 1011.68 1254.75 879.54 764.26
  117.20 113.41 151.82 109.01 116.00
6
Mean 1178.28 1330.42 1156.78 1268.36 1441.04
  150.65 217.22 186.04 93.50 207.86
7
Mean 828.51 1108.88 1099.13 873.86 825.28
  97.10 196.06 182.74 140.77 64.47
Langtang Valley
Mean 729.52 956.23 966.16 796.22 866.57
  94.93 148.42 144.80 94.98 95.61
Table A.5 – Statistics (mean and standard deviation) of the SLA Amplitudes periods included in
winter seasonal analysis.
Sub-catchments Statistics
SLA Amplitude [m]
Entire catchment East South West North
1&2
Mean 281.70 405.14 459.09 379.85 134.05
  31.26 24.07 31.70 37.05 25.89
3
Mean 394.55 333.41 453.60 589.10 326.47
  65.39 79.47 82.21 109.88 38.97
4
Mean 403.57 282.49 762.14 310.36 419.43
  107.64 100.73 217.65 79.65 102.91
5
Mean 773.99 732.81 1024.63 839.97 630.63
  196.41 206.87 248.35 207.28 140.12
6
Mean 658.33 823.12 535.97 851.12 1130.81
  152.88 61.11 117.50 183.39 160.52
7
Mean 554.83 507.72 852.28 475.27 775.33
  108.76 136.49 157.06 54.05 187.58
Langtang Valley
Mean 511.16 514.12 681.28 574.28 569.45
  110.39 101.46 142.41 111.88 109.33
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Table A.6 – Statistics (mean and standard deviation) of the SLA Amplitudes periods included in
post-monsoon seasonal analysis.
Sub-catchments Statistics
SLA Amplitude [m]
Entire catchment East South West North
1&2
Mean 245.38 235.80 386.29 305.19 226.25
  103.17 89.43 145.60 117.76 93.96
3
Mean 263.65 352.89 278.34 424.45 215.43
  69.96 115.61 56.29 130.58 41.23
4
Mean 188.75 230.68 303.23 121.51 195.40
  84.93 117.18 164.60 55.57 94.00
5
Mean 363.59 361.20 572.08 451.49 285.75
  152.76 134.28 244.49 153.25 139.14
6
Mean 399.41 569.90 303.46 496.81 1108.99
  143.14 227.50 98.64 171.59 216.67
7
Mean 414.70 446.55 536.35 328.75 497.73
  160.52 171.26 197.46 129.17 197.28
Langtang Valley
Mean 312.58 366.17 396.62 354.70 421.59
  119.08 142.54 151.18 126.32 130.38
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Figure B.1 – Mean accumulated monthly precipitation for the period 1999-2010. Error bars corre-
spond to 2-  values.
Figure B.2 – Mean monthly temperature for the period 1999-2010. Error bars correspond to 2- 
values.
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